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Abstract: The eukaryotic nucleus is continuously being exposed to endogenous and exogenous
sources that cause DNA breaks, whose faithful repair requires the activity of dedicated nuclear
machineries. DNA is packaged into a variety of chromatin domains, each characterized by specific
molecular properties that regulate gene expression and help maintain nuclear structure. These differ-
ent chromatin environments each demand a tailored response to DNA damage. Silenced chromatin
domains in particular present a major challenge to the cell’s DNA repair machinery due to their spe-
cific biophysical properties and distinct, often repetitive, DNA content. To this end, we here discuss
the interplay between silenced chromatin domains and DNA damage repair, specifically double-
strand breaks, and how these processes help maintain genome stability.

Keywords: constitutive heterochromatin; facultative heterochromatin; DNA-damage repair;
double-strand breaks

1. Introduction

An essential condition for organismal life is the ability to maintain an intact genome.
The eukaryotic genome is under constant pressure from damaging insults that break or
chemically modify the DNA. One particularly dangerous type of DNA damage is a DNA
double-strand break (DSB), which causes the DNA double helix to be completely severed.
DSBs can be caused by endogenous processes, such as replication fork stalling or the
production of damaging metabolites, or exogenous sources, such as X-rays or chemothera-
peutics (reviewed in [1]). When repaired improperly, DSBs can result in defects ranging
from small insertions and deletions at the repaired site to the formation of major chromo-
somal rearrangements, such as translocations, dicentric chromosomes, or chromothripsis.
These structural changes can contribute to a variety of developmental diseases as well as
tumorigenesis through the loss or gain of coding sequences, or the formation of aberrant
fusion genes (reviewed in [2–4]).

Eukaryotes employ two main DSB-repair pathways: homologous recombination
(HR) and classical non-homologous end joining (c-NHEJ) (reviewed in [5]). During HR,
usually considered the safest choice of DSB repair, end resection at the DSB results in a
single-stranded 3′ DNA end that invades and perfectly copies a homologous sequence
to repair the break site. HR is mainly promoted during and following DNA replication
when an identical sister chromatid is present, which can be used as a homologous template.
c-NHEJ, on the other hand, is active throughout the cell cycle and is generally more error-
prone. During c-NHEJ, the two ends of the DSB undergo limited processing and are
directly religated, often resulting in small insertions and deletions at the repaired site.
Although HR and c-NHEJ are the two main DSB-repair pathways, several alternative
DSB-repair pathways, such as alternative end-joining or single-strand annealing, can be
employed as well. The choice of DSB-repair pathway depends on several aspects, such as
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the cell type or cell cycle phase in which the DSB occurs, but also the nature of the DSB and
its surrounding DNA sequences (reviewed in [5]).

The repair of DSBs occurs in the context of the complex surrounding chromatin en-
vironment and demands proper chromatin remodeling to detect, access, and process the
DNA breaks. Indeed, work from a variety of model systems has revealed that chromatin
remodelers and chromatin-modifying enzymes are necessary to properly guide DSB repair
by locally altering the chromatin surrounding the break site (reviewed in [6]). One of the
first chromatin events at DSBs is the phosphorylation of the histone variant H2A.X [7]
(γH2A.X in mammals, γH2A in yeast, and γH2A.v in Drosophila), which can spread
up to two Megabases around the break site [8] and initiates a multitude of downstream
repair events (reviewed in [9]). In addition to γH2A.X, many other chromatin changes
occur at the break site, such as the ubiquitination or acetylation of histones, which often
serve as binding platforms for repair proteins (reviewed in [10,11]). Besides DSB-induced
histone modifications, cell cycle-driven chromatin changes also influence repair by di-
rectly controlling repair pathway usage. For example, unmethylated histone H4 Lysine
20 (H4K20me0), which is abundant on newly established nucleosomes following DNA
replication, is recognized by BRCA1-BARD1, an HR protein complex [12,13]. As such,
H4K20me0 directly couples the replicative state of chromatin with repair pathway choice
by stimulating HR repair with the sister chromatid. Together, these pre-existing as well as
DSB-induced chromatin changes serve to promote the faithful execution of repair within
the complex chromatin environment.

The eukaryotic nucleus is packaged into a plethora of distinct chromatin domains
that have each acquired specific molecular and biophysical properties. These chromatin
domains range from actively transcribed euchromatic regions to more compact, transcrip-
tionally inert, heterochromatin domains [14]. Research from the past decade has revealed
that this variety in chromatin properties demands a DSB response specifically tailored
to each chromatin domain. For example, DSBs in actively transcribed chromatin regions
specifically promote HR repair pathway usage [15] and depend on the removal of proteins
required for transcription, such as RNA pol II [16,17] as well as loss of histone marks
associated with active transcription [18]. On the other hand, regions of constitutive hete-
rochromatin require striking movements of the DSB to the periphery of the heterochromatin
domain or the nuclear periphery to repair the damage [19–23]. These studies highlight
the importance of acquiring unique DSB repair responses in different chromatin regions.
Silenced chromatin regions, such as pericentromeric heterochromatin, present a particular
challenge to the cell’s repair machinery. Not only do these domains possess compact,
phase-separated structures [24–28] that demand local chromatin changes to access and
repair the breaks, their DNA also often consists of thousands of repetitive sequences
(reviewed in [29]), which necessitates a coordinated repair response to prevent aberrant
recombination between these repeats.

Here, we review our current knowledge on the DSB-repair response in silenced
chromatin domains. We will predominantly focus on repair mechanisms in pericentromeric
heterochromatin and will highlight several studies performed in other silenced regions,
such as lamina-associated domains or facultative heterochromatin.

2. Constitutive Heterochromatin

The eukaryotic nuclear environment can be roughly divided into two types of chro-
matin: euchromatin and heterochromatin (Figure 1). Euchromatin contains many active
genes and is associated with open chromatin structures. In contrast, heterochromatin,
which was identified in liverwort a century ago, is relatively transcriptionally silent, en-
codes fewer genes, and has a compact, dense conformation throughout the interphase
of the cell cycle [30,31]. The most prominent type of heterochromatin is constitutive
heterochromatin (c-Het). c-Het is riddled with repetitive sequences [32] and is charac-
terized by Histone H3 Lysine 9 di- and tri-methylation (H3K9me2/me3) (Figure 1c) [33].
In Drosophila, the three methyltransferases G9a, Su(var)3-9, and dSETDB1 (eggless) are
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the major histone methyltransferases that catalyze H3K9 methylation [34]. G9a mono-
and dimethylates H3K9, while dSETDB1 and Su(var)3-9 act redundantly in H3K9 di- and
trimethylation [35]. H3K9me2/3 provides a binding site for the chromodomain of het-
erochromatin protein 1a (HP1a, Su(var)205) [36–38]. HP1a homodimerizes through its
chromoshadow domain [39], which, in turn, creates a binding platform for a variety of
heterochromatin proteins, including Su(var)3-9 [40], thereby creating a positive feedback
loop to facilitate heterochromatin spreading. Several HP1-like proteins have been described
in Drosophila (HP1a–e) (reviewed in [41]). Although HP1a is the most abundant c-Het
component, HP1b is also recruited to c-Het domains in addition to its euchromatic local-
ization [42]. Su(var)3-9 and HP1 proteins were initially discovered in Drosophila genetic
screens aimed at identifying suppressors of variegation (i.e., Su(var)) (reviewed in [43]),
and were later found to be evolutionarily conserved from fission yeast to human. In mam-
mals, three HP1 homologs have been described (HP1 α, β, γ) that can all be recruited to
c-Het (reviewed in [44]). These HP1 proteins on their turn can recruit additional silencing
proteins, such as the transcriptional repressor Kap1, to further establish and maintain
c-Het structure.

c-Het is estimated to cover around 25–90% of eukaryotic genomes [45,46] and is
enriched at pericentromeric regions as well as sub-telomeres [33] (Figure 1). Across species,
the underlying sequence of pericentromeric DNA is dominated by satellite repeats and
transposons. Satellites are short, simple repeats, while transposons are coding DNA
sequences related to viruses that, when intact, can ‘jump’ and propagate in the genome.
However, most transposon sequences found in eukaryotic genomes are fragmented and,
therefore, inactive (reviewed in [29]). In interphase, c-Het sequences can localize to different
structures within the three-dimensional nuclear space, such as the nucleolus or nuclear
lamina, which serve as interaction hubs for silenced sequences [47] (Figure 1). This three-
dimensional localization of heterochromatin is often dynamic and depends on the organism
as well as cell type assessed. For example, c-Het in the diploid nuclei of Drosophila larvae
usually forms one cytologically distinct nuclear domain that remains compact throughout
interphase [36] (Figure 1B), whereas c-Het in other contexts, such as mouse embryonic
fibroblasts, coalesces into multiple domains [48,49].

c-Het is essential for genetic stability by maintaining centromere- and telomere- struc-
ture, as well as in preventing deleterious expression of repetitive sequences [50]. In line
with this, loss of canonical c-Het components results in tumor formation in mice [51] and is
associated with ageing [52,53]. Interestingly, H3K9me2/3-enriched regions are associated
with high mutation rates [54,55], and increased copy number aberrations [56] in cancer,
indicating that these silent regions are particularly vulnerable to faulty DNA damage repair.

2.1. General Principles of DSB Repair in c-Het

Due to the repetitive nature of its DNA sequences, DSB repair within the c-Het domain
can be a precarious event. Aberrant recombination with identical repeats present on non-
homologous chromosomes can result in chromosomal aberrations often associated with
cancer and developmental diseases [50,57–59].

Intriguingly, regardless of the model system used, research in the last decade has re-
vealed that heterochromatic DSB repair involves distinct spatiotemporal mechanisms [19–23]
(Figures 2 and 3). Pioneering experiments in yeast revealed the movement of DSBs in
the repetitive ribosomal DNA to outside of the nucleolus [60]. Strikingly, experiments
using Drosophila cells [19,20] or tissues [22], as well as mouse cells [21,23,61], unanimously
identified similar movements of c-Het DSBs to the heterochromatin or nuclear periphery.
This movement is independent of the number or source of DSBs and appears to be a distinct
feature of heterochromatic DSB repair, conserved from yeast to mammals.
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Figure 1. Chromatin domains in the eukaryotic nucleus. (a) The eukaryotic nuclear environment 
can be roughly divided into two types of chromatin: euchromatin and heterochromatin. Euchro-
matin contains many active genes and is associated with open chromatin structures. In contrast, 
heterochromatin is transcriptionally silent, encodes fewer genes, and has a compact, dense confor-
mation. The two most prominent types of heterochromatin are facultative heterochromatin (f-Het) 
and constitutive heterochromatin (c-Het). f-Het and euchromatin are interspersed over the linear 
chromosome, whereas c-Het is mainly enriched around centromeres and telomeres. f-Het is associ-
ated with the transcriptional silencing of developmental genes, and often forms multiple dense 
polycomb bodies without membranes in the nucleus. c-Het contains many repetitive sequences 
and, depending on the cell type or organism studied, localizes to the nuclear lamina (lamina-asso-
ciated domains, LADs), nucleolus (nucleolus-associated domains, NADs), and/or coalesces into 
one or a few big domains (chromocenters). (b) Image of a nucleus in a third instar Drosophila lar-
val wing disc expressing fluorescently tagged ph-p (f-Het protein, PRC1 complex member, cyan) 
and fluorescently tagged HP1a (c-Het protein, magenta). (c) The basic structural unit of chromatin 
is the nucleosome, which consists of ~147 base pairs of DNA wrapped around eight histone pro-
teins. Each chromatin environment in the nucleus is characterized by the presence of specific post-
translational histone modifications and the recruitment of certain chromatin proteins. f-Het is en-
riched for H3K27me3 and H2AK118Ub in Drosophila (K119 in human). The PRC2 complex medi-
ates the tri-methylation of Histone H3 lysine 27. The PRC1 complex binds to H3K27me3 and can 
ubiquitylate H2AK118, which, in turn, provides a binding motif for the PRC2 complex. c-Het is 
enriched for H3K9me2/me3, which, in Drosophila, is established by the methyltransferases G9a, 
Su(var)3-9 and dSETDB1 (eggless). H3K9me2/me3 recruits heterochromatin protein 1 (HP1), 
which can oligomerize and thereby create a compact, phase-separated domain. Kap1 is an HP1 
binding protein and a canonical c-Het component in mammalian cells. Euchromatin is mainly en-
riched for histone modifications associated with active transcription, such as di- and trimethyla-
tion of H3K4 and acetylation of H3K9 and H3K27, together creating a chromatin environment that 
has a more open conformation and is permissive to transcription. 
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Figure 1. Chromatin domains in the eukaryotic nucleus. (a) The eukaryotic nuclear environment
can be roughly divided into two types of chromatin: euchromatin and heterochromatin. Euchro-
matin contains many active genes and is associated with open chromatin structures. In contrast,
heterochromatin is transcriptionally silent, encodes fewer genes, and has a compact, dense confor-
mation. The two most prominent types of heterochromatin are facultative heterochromatin (f-Het)
and constitutive heterochromatin (c-Het). f-Het and euchromatin are interspersed over the linear
chromosome, whereas c-Het is mainly enriched around centromeres and telomeres. f-Het is asso-
ciated with the transcriptional silencing of developmental genes, and often forms multiple dense
polycomb bodies without membranes in the nucleus. c-Het contains many repetitive sequences and,
depending on the cell type or organism studied, localizes to the nuclear lamina (lamina-associated
domains, LADs), nucleolus (nucleolus-associated domains, NADs), and/or coalesces into one or a
few big domains (chromocenters). (b) Image of a nucleus in a third instar Drosophila larval wing disc
expressing fluorescently tagged ph-p (f-Het protein, PRC1 complex member, cyan) and fluorescently
tagged HP1a (c-Het protein, magenta). (c) The basic structural unit of chromatin is the nucleosome,
which consists of ~147 base pairs of DNA wrapped around eight histone proteins. Each chromatin
environment in the nucleus is characterized by the presence of specific post-translational histone
modifications and the recruitment of certain chromatin proteins. f-Het is enriched for H3K27me3
and H2AK118Ub in Drosophila (K119 in human). The PRC2 complex mediates the tri-methylation of
Histone H3 lysine 27. The PRC1 complex binds to H3K27me3 and can ubiquitylate H2AK118, which,
in turn, provides a binding motif for the PRC2 complex. c-Het is enriched for H3K9me2/me3, which,
in Drosophila, is established by the methyltransferases G9a, Su(var)3-9 and dSETDB1 (eggless).
H3K9me2/me3 recruits heterochromatin protein 1 (HP1), which can oligomerize and thereby create a
compact, phase-separated domain. Kap1 is an HP1 binding protein and a canonical c-Het component
in mammalian cells. Euchromatin is mainly enriched for histone modifications associated with
active transcription, such as di- and trimethylation of H3K4 and acetylation of H3K9 and H3K27,
together creating a chromatin environment that has a more open conformation and is permissive to
transcription.

The movement of heterochromatic DSBs has been hypothesized to have evolved to
help move the damaged repeat away from its homologous repetitive sequences and thereby
prevent aberrant recombination events [19]. This suggests that mobile heterochromatic
DSBs depend on the HR pathway for their repair. Indeed, heterochromatic DSBs in mouse
cells as well as Drosophila cells or animals were found to utilize HR [19,21,22,62]. In
line with this, the inhibition of DNA-end resection, an initiating event for HR, prevents
heterochromatic DSB movement in both Drosophila and mouse cells, indicating that HR
initiation drives the movement of DSBs [19,21]. The depletion of the c-NHEJ protein Ku70
or Ku80 did not affect heterochromatic DSB kinetics in Drosophila cells [19], suggesting
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that c-NHEJ is not associated with DSB movement and may be used less frequently at c-Het
DSBs in Drosophila cells. However, the sequencing of heterochromatic DSB repair products
in Drosophila larval tissues did identify the use of both HR and c-NHEJ at I-SceI-induced
DSBs, with c-NHEJ being the most prominent repair pathway [22]. This dominant use of
c-NHEJ in larvae likely reflects the distribution of cell cycle stage, since the majority of cells
in larval tissues reside in G1 [22] and therefore mainly employ c-NHEJ. In line with this,
CRISPR-Cas9-induced DSBs in mouse chromocenters were also found to recruit c-NHEJ
proteins in G1 cells, while mainly recruiting HR proteins in the S and G2 phases of the cell
cycle [21]. DSB repair analysis in both Drosophila and mouse has also revealed the use of
single-strand annealing (SSA) at c-Het DSBs, albeit at a relatively low frequency [21,22].
Together, these studies indicate that both c-NHEJ and HR can be used at DSBs in c-Het, with
c-NHEJ repair predominantly being used in G1, while HR repair, as well as its associated
DSB movement, is mainly limited to S and G2.

Strikingly, heterochromatic DSBs reveal clear spatiotemporal regulation of the early
and late steps of the HR-repair pathway in Drosophila. Early steps, such as DNA-end
resection and loading of ATRIP (ATR-interacting protein), which is recruited to resected
DNA, occur within the c-Het domain. However, later steps, such as the binding of Rad51, a
protein required for strand invasion and completion of HR, to the resected single-stranded
DNA ends, only occur upon arrival of the DSB at the heterochromatin- or nuclear- pe-
riphery [19,21]. This spatial separation of early and late HR steps is thought to prevent
Rad51-dependent homology search within the c-Het domain, and thereby preclude aber-
rant HR with identical repeats on non-homologous chromosomes nearby.

2.2. The Role of Canonical Heterochromatin Proteins in c-Het Repair

Studies in multiple model organisms have revealed that canonical heterochromatin
proteins are essential to prevent genome instability [51,63–67]. For example, loss of the
canonical heterochromatin proteins Su(var)3-9 or HP1a in Drosophila results in the forma-
tion of aberrant repair products at heterochromatic repeats [19,65]. In line with this, loss of
HP1a and Su(var)3-9 in X-ray irradiated Drosophila cells results in defects in the spatiotem-
poral regulation of DSB repair in c-Het [19]. The presence of canonical heterochromatin
factors was not only found to be essential to promote movement of DSBs to outside the
c-Het domain, but also to prevent the accumulation of Rad51 at DSBs within c-Het. This
indicates that heterochromatin components actively contribute to Rad51 exclusion from
c-Het and thereby regulate ‘safe’ HR repair of repetitive DNA sequences outside the c-Het
domain to prevent genome instability.

In contrast to Drosophila cells, loss of the canonical heterochromatin protein HP1α/β/γ
or Kap1 in mouse cells does not lead to the accumulation of Rad51 inside the c-Het
domain at CRISPR-Cas9-induced DSBs [21]. This difference between mouse and Drosophila
c-Het, in their dependency on c-Het factors for Rad51 exclusion, could reflect species-
specific differences. However, to conclude this, future experiments would have to rule out
differences caused by the various DSB-inducing agents used in the different studies.

How the c-Het domain mechanistically excludes Rad51 from binding to DSBs remains
unknown. However, it is tempting to speculate that the phase-separation properties of
HP1a [25,68], one of the main c-Het constituents, are incompatible with Rad51 entering the
c-Het domain. Future biophysical studies will have to elucidate if and how c-Het phase
properties allow the accumulation of certain repair proteins in c-Het, such as the early
repair proteins ATRIP or Mu2, while excluding late HR proteins, such as Rad51.

2.3. Local Chromatin Changes at c-Het DSBs

The specific dynamics of c-Het DSBs suggests that unique local chromatin changes
are necessary for repair. Indeed, evidence from mammals indicates that several canoni-
cal heterochromatin proteins are directly phosphorylated by DNA damage kinases upon
DSB induction in c-Het [69–73]. These phosphorylations are thought to stimulate hete-
rochromatin relaxation at the break site and thereby promote repair (Figure 2). In mouse



Genes 2021, 12, 1415 6 of 17

cells, the DNA damage kinase ATM directly phosphorylates the heterochromatin protein
Kap1 [70,73]. This phosphorylation promotes the release of the nucleosome remodeler
CHD3 and thereby allows c-Het relaxation [71]. Additionally, casein kinase 2 (CK2) has
been found to phosphorylate HP1β, thereby promoting its release from heterochromatin
and subsequent chromatin expansion at break sites [72] (Figure 2). Similar mechanisms
have been described in Arabidopsis thaliana, where the heterochromatin-associated histone
variant H2A.W.7 is phosphorylated by ATM to enhance DSB repair in chromocenters [74].
Indeed, in Drosophila, the DNA damage kinase ATR is also essential for the expansion
of the c-Het domain as well as movement of DSBs to the heterochromatin periphery [19].
Together, these studies indicate that DNA damage kinase activities influence the local hete-
rochromatin landscape to promote DSB dynamics in multiple organisms. Future studies
aimed at creating a comprehensive overview of all c-Het proteins being phosphorylated
upon DNA damage could yield important insights into how different kinases control c-Het
conformation at DSB sites in space and time, and how this promotes repair.
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thereby allowing c-Het relaxation [71]. In addition, upon DNA damage, casein kinase 2 (CK2) phosphorylates HP1β, thereby
promoting its release from heterochromatin and subsequent chromatin expansion at break sites [72]. In Drosophila, the
enzymatic activity of the Drosophila histone demethylase dKDM4A is specifically required for c-Het repair by promoting
the demethylation of the canonical c-Het histone mark H3K9me2/me3 as well as H3K56me3 [80,81]. This demethylation
allows DSB movement and timely repair of c-Het DSBs.

In addition to the phosphorylation of canonical heterochromatin proteins, recent
evidence also highlights a direct role for histone modifiers in heterochromatin repair.
Drosophila KDM4A (dKDM4A) belongs to the jumonji family of lysine demethylases and
can demethylate histone tails, such as the transcription-associated H3K36me2/3 as well as
the heterochromatin-associated histone modifications H3K9me2/3 and H3K56me3 [75–80].
dKDM4A is recruited to c-Het through its direct interaction with HP1a and is highly
enriched in the c-Het domain throughout the cell cycle [80]. Remarkably, dKDM4A plays
dual roles in the c-Het domain: while it plays a non-enzymatic role in gene silencing and
the maintenance of c-Het organization, its enzymatic activity is specifically required for the
movement and repair of heterochromatic DSBs [80,81] (Figure 2). Upon DSB induction in c-
Het, dKDM4A promotes the removal of the canonical heterochromatin marks H3K9me2/3
and H3K56me3 at the break site, which promotes timely repair by c-NHEJ [81]. Indeed,
in the absence of dKDM4A, HR repair is enhanced at heterochromatic DSBs, which is
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alleviated by inhibiting the H3K9me2/3 methyltransferase Su(var)3-9 [81]. The dependency
of heterochromatin repair on dKDM4A suggests that DSBs arising in c-Het require break-
proximal chromatin changes to promote repair. Removing the heterochromatic histone
marks H3K9me2/3 and H3K56me3 at c-Het DSB sites might promote chromatin relaxation
that creates a permissive environment for repair protein binding and/or DSB movement
outside of the phase-separated HP1 domain [25,81].

Interestingly, members of the human KDM4 family are often overexpressed in can-
cer [82] and both human KDM4A [83] and KDM4D [84] directly promote repair of DSBs.
However, whether human KDM4 proteins specifically play a role in c-Het repair in human
cells remains to be tested.

2.4. SUMOylation and the Nuclear Periphery in c-Het Repair

An emerging player in the DSB response is the modification of proteins by small
ubiquitin-like modifier (SUMO) [85]. Recent evidence indicates that SUMOylation, through
the action of the SMC5/6 chromatin complex, is also specifically required for c-Het DSB
repair. SMC5/6 is a ring-shaped protein complex related to cohesin and condensin and is
essential for the maintenance of genome integrity (reviewed in [86]). Loss of SMC5/6 in
Drosophila results in defects in DSB movement to the heterochromatin periphery, as well
as the accumulation of Rad51 at DSBs within the c-Het domain [19]. Although SMC5/6
plays numerous roles in the nucleus [86], one current prevailing hypothesis is that its main
function in heterochromatin repair is to promote the addition of SUMO modifications to
target proteins at the DSB site through its interaction with the SUMO E3 ligases Quijote and
Cervantes (homologs of mammalian Nse2) [20,87]. SUMOylation of these target proteins is
thought to prevent Rad51 accumulation within the c-Het domain as well as to promote
movement of the DSB outside the heterochromatin domain [20,87] (Figure 3). This shares
similarities with the repair of DSBs in the repetitive ribosomal DNA (rDNA) of budding
yeast, which also depends on the activity of the SMC5/6 complex for DSB movement to the
nucleolar periphery [60]. The conservation of the role of the SMC5/6–SUMO pathway in
heterochromatin repair in mammalian cells remains to be tested. However, loss of SMC5/6
did result in a minor defect in DSB re-localization to the heterochromatin periphery and
an increase in c-NHEJ repair protein recruitment at CRISPR-Cas9-induced DSBs in mouse
chromocenters, suggesting a role for SMC5/6 in mammalian heterochromatin repair [21].

How SUMOylation exactly regulates DSB movement outside of the c-Het domain
remains unknown. One hint for its specific role in heterochromatin repair comes from the
fact that the SUMOylation activity of Drosophila Quijote and Cervantes is important to
target and retain heterochromatic DSBs at the nuclear periphery [20,87]. This peripheral
retention of heterochromatic DSBs depends on the presence of SUMO Targeted Ubiquitin
Ligases (STUbL), which are enriched at the nuclear periphery. It is therefore hypothesized
that STUbL proteins directly target or bind SUMOylated substrates at the DSB site and
thereby help retain the heterochromatic DSBs at the nuclear periphery and promote safe
HR repair [20] (Figure 3). Future work aimed at identifying which substrates are exactly
being SUMOylated at c-Het DSBs is expected to lead to more insights into the role of
SUMOylation in Rad51 exclusion as well as DSB movement in c-Het.

Nuclear F-actin and myosin were recently implicated in directly promoting the move-
ment of c-Het DSBs to the nuclear periphery in Drosophila [88]. F-actin nucleators localize
to DSBs within the heterochromatin domain, whereas F-actin fibers only form outside the
heterochromatin domain, indicating that nuclear actin helps promote the directed move-
ment of DSBs from the heterochromatin to the nuclear periphery [88] (Figure 3). Indeed,
nuclear actin is emerging as an important player in nuclear architecture and repair [89] and
was also recently found to help cluster DSBs in euchromatin to promote HR repair [90].
Traveling along the nuclear actin fiber presents an exciting means for fast, directed transport
of the DSB away from the heterochromatin domain to promote safe repair. The SMC5/6
complex was found to promote binding of the myosin activator Unc45 to DSBs, posing
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the intriguing hypothesis that the SMC5/6-SUMO pathway is essential to initiate DSB
movement on the actin fiber by directly promoting myosin activity [88].
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Figure 3. General model for DSB repair in c-Het. (a) DSBs in c-Het can be repaired by HR, NHEJ,
single-strand annealing (SSA), and alternative end-joining (Alt-EJ) [19,21,22]. NHEJ, SSA and early
HR proteins can bind to heterochromatic DSBs within the c-Het domain. (b) Upon commitment to HR
repair, DSBs move to the periphery of the c-Het domain through the concerted actions of chromatin
proteins (e.g., SMC5/6) [19], SUMOylation, and SUMO Targeted Ubiquitin Ligases (STUbL) [20,87].
At the c-Het periphery, Rad51 binds to the resected DSBs and promotes HR with homologous
sequences originating from sister chromatids or homologs [22]. (c) Studies in Drosophila have
revealed that approximately twenty percent [88] of c-Het DSBs move all the way to the nuclear
periphery through myosin- and nuclear actin-mediated directed movement, where nuclear pore and
inner nuclear membrane proteins directly promote HR repair of c-Het DSBs.

What makes the nuclear periphery an effective environment for heterochromatic DSB
repair? A plausible hypothesis is that the nuclear periphery could serve as an anchor-
ing point for broken repeats to prevent aberrant recombination with identical repeats
present within the heterochromatin environment. Indeed, the loss of nuclear pore or in-
ner nuclear membrane protein complexes result in an increase in aberrant chromosomal
structures, specifically involving heterochromatic regions [20]. An additional possibility
is that the nuclear periphery directly guides repair pathway choice of c-Het regions by
compartmentalizing specific repair proteins [91–93].

The dependency on the nuclear periphery for repair of heterochromatic DSBs appears
analogous to the repair of persistent DSBs or collapsed replication forks in budding yeast,
which also require the SUMOylation pathway to coordinate movement to the nuclear
periphery [94]. Although the movement of heterochromatic DSBs to the nuclear periphery
has not been described in mammalian cells to date, two recent studies have revealed that
stressed-replication foci and dysfunctional telomeres can associate with the nuclear pe-
riphery in human cells [95,96]. Moreover, nuclear pore stability was found to be important
to prevent telomere fragility, indicating the essentiality of the nuclear periphery in the
maintenance of repetitive telomeric regions in humans [95]. It is also conceivable that mam-
malian cells have adopted other nuclear regions for the repair of c-Het DSBs. For example,
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telomeres in cancer cells that depend on an HR-type mechanism for their maintenance,
termed alternative lengthening of telomeres (ALT), have been found to co-localize with
promyelocytic leukemia (PML) bodies, which are membraneless, phase-separated nuclear
bodies implicated in many nuclear processes [97–99]. Strikingly, this ALT telomere–PML
body interaction has also been shown to depend on the SMC5/6–SUMO pathway [99,100].

Altogether, a picture emerges in which the nuclear periphery plays an evolutionary
conserved role in safeguarding ‘difficult to repair’ regions, such as repetitive DNA or
persistent DSBs, and that SUMOylation plays an important role in this process (discussed
in [92,101]).

In conclusion, studies in model organisms, in particular Drosophila and mouse, have
revealed the precise coordination of repair in the c-Het domain; from local chromatin
changes to the spatiotemporal regulation of HR repair and directed DSB movement to
the nuclear periphery. Future challenges entail understanding how all these activities are
intertwined in space and time, which will lead to a deeper understanding of the intri-
cate mechanisms required for the maintenance of the repetitive landscape of constitutive
heterochromatin.

3. Facultative Heterochromatin

Another type of densely packaged heterochromatin is facultative heterochromatin
(f-Het) (Figure 1). The level of compaction and corresponding gene silencing of f-Het
depends on the developmental stage and cell type and is therefore called facultative, from
the Latin word “facultas”, which means “opportunity”. f-Het can cover an entire chromo-
some (e.g., the inactive X chromosome in female mammals) [102], large genomic distances
(e.g., developmental genes such as the HOX gene) [103], or regulatory regions (e.g., pro-
moters). This type of chromatin is enriched for the histone mark H3K27me3 as well as
polycomb proteins. Polycomb-bound chromatin tends to accumulate into nuclear foci
called ‘polycomb bodies’ in flies [104] as well as human cells [105] and mainly contains
silenced genes [106,107].

The first polycomb protein, Polycomb (Pc), was discovered more than 70 years ago
in Drosophila [108]. The loss of Pc led to ectopic expression of the HOX genes, resulting
in the transformation of body segments [103,108]. Most of the other polycomb-group
(PcG) proteins were discovered in the 1980s and were defined as genes whose mutations
yielded a similar or enhanced Pc mutant phenotype [109,110]. In Drosophila, PcG proteins
form two types of complexes: polycomb repressive complex 1 and 2 (PRC1 and PRC2),
which, together, are essential for silencing of developmental genes. The PRC2 complex
promotes the trimethylation of histone H3 lysine 27 through the enzymatic activity of its
complex member E(z) [111,112]. H3K27me3 is essential for the repression of gene tran-
scription [113,114] and is bound by polycomb (Pc), a PRC1 complex member. The PRC1
complex on its turn promotes the ubiquitylation of H2AK118 (K119 in mammals) [115],
which provides a binding site for the PRC2 complex, thereby creating a positive feed-
back loop to establish H3K27me3 domains [116] (Figure 1). PcG proteins can directly
silence transcription by, for example, preventing the binding of chromatin remodeling
complexes [117]. In addition, polycomb proteins can indirectly block transcription through
a combination of local chromatin compaction [118–121], loop formation [106,107], as well
as phase separation [24,28,122].

Although f-Het covers a substantial part of the genome, it remains relatively under-
studied in its response to DSBs. Since f-Het is important in many biological processes,
such as X-chromosome inactivation in female mammals, genomic imprinting, stem cell
maintenance, and cell differentiation, it is not surprising that polycomb misregulation
can lead to diseases such as cancer [123]. It is, therefore, essential to understand how this
silenced state is maintained during the repair of DSBs.
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DSB Repair in f-Het

Thus far, a few studies in mammalian cultured cells have investigated the repair of
DSBs in H3K27me3-enriched regions. The irradiation of the inactive X chromosome in a
human female fibroblast cell line resulted in the decondensation of the f-Het domain [124].
Additionally, visualizing DSB repair proteins (such as 53BP1 and RPA) at specific timepoints
following ion irradiation revealed the ‘bending’ of these proteins around the inactive X
chromosome, which suggests that DSBs move away from the more compact part of the
inactive X chromosome [124]. If, and how, DSBs relocate in polycomb chromatin remains
to be investigated, but this study does suggest that f-Het regions may require a specific
repair response at DSBs.

A more recent study investigated the repair of CRISPR-Cas9-induced DSBs at im-
printed alleles of mouse cells [125]. Inducing DSBs at imprinted genes is an elegant system
to study the effect of chromatin state on DSB repair, since the active and silent alleles have
identical DNA sequences as well as chromosomal position, ruling out DNA sequence or
chromosome-specific effects on repair. Any changes in DSB repair are therefore the result
of changes in the chromatin landscape. The silencing of imprinted loci occurs through a
combination of different chromatin modifications including DNA methylation, H3K27me3
and H3K9me2/me3 [126]. Imprinted loci therefore slightly deviate from the f-Het defini-
tion described above. Nevertheless, inducing DSBs at imprinted loci in mouse embryonic
stem cells, although resulting in a delay in the accumulation of mutations at the silenced
allele due to decreased Cas9 accessibility, did not affect repair pathway usage when com-
pared to the active allele. The ratio of c-NHEJ versus HR repair, the size of the insertions
and deletions at the repaired site, as well as the frequency of repair products remained
unaffected by imprinting [125]. This suggests that DSBs in silenced, imprinted loci do not
require differential DSB repair pathway usage.

In contrast, a recent study that used a sequencing-based reporter screen to investigate
the impact of chromatin context on CRISPR-Cas9-induced DSBs did reveal differences in
repair pathway usage in H3K27me3 regions [127]. This reporter was randomly integrated
in >1000 different locations in the genome of human cancer cells and can be cleaved by Cas9.
The sequencing of repair products revealed a relative decrease in c-NHEJ repair products
and an increase in microhomology mediated end-joining (MMEJ) in H3K27me3-enriched
regions. MMEJ is a type of alternative EJ that depends on DSB end-resection and microho-
mologies to repair DSBs [5]. Interestingly, inhibition of the H3K27me3 methyltransferase
EZH2 increased c-NHEJ repair pathway usage in H3K27me3-enriched regions to levels
similar as in euchromatin, suggesting that H3K27me3 chromatin might normally be refrac-
tory to c-NHEJ repair. What exactly causes the decrease in c-NHEJ in H3K27me3-enriched
regions remains unknown. However, recent studies do implicate polycomb proteins in
the regulation of replication fork stability [128] as well as DNA damage repair [129]. This
indicates that f-Het components could directly impact repair protein recruitment and
thereby potentially shift repair pathway balance. Future studies using model systems with
well-defined f-Het domains, such as the inactive X chromosome in female mammals or
polycomb bodies in Drosophila animals, could reveal new insights into the repair pathway
choice and spatiotemporal dynamics of DSBs in this distinct domain.

4. Lamina-Associated Domains

Heterochromatic sequences can be associated with the nucleolus, chromocenters, or
nuclear lamina (Figure 1a). The nuclear lamina spans the inside of the nuclear membrane
in metazoan cells and mainly consists of type V intermediate filament proteins lamin A
and lamin B. The nuclear lamina is connected to the nuclear membrane through the lamin
B receptor, whose N-terminal end interacts with lamin B, while its C-terminal end resides
within the nuclear membrane [130]. Genome-wide mapping analyses have uncovered the
recurrent localization of specific genomic regions to the nuclear lamina [131–134]. These
regions are called lamina-associated domains (LADs) and are enriched for the proteins
lamin A, B1, and B2 [135]. The composition of these LADs varies between cells, but
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generally consists of regions with low gene density, enrichment of silencing histone marks,
such as H3K9me2/3 and H3K27me3, and repressed gene activity [132,135]. As discussed
above, ‘difficult to repair’ genomic regions move to the nuclear periphery to continue
repair in multiple organisms, but how the pre-existing peripheral localization of DNA
could influence DSB repair pathway choice is just starting to be elucidated.

DSB Repair in LADs

A recent study in human cancer cells has revealed that genomic regions associated with
the nuclear lamina could potentially undergo differential DSB repair pathway choice [127].
Generally, DSB repair in silenced, heterochromatic regions was found to be associated with
an increased usage of MMEJ and a reduction in c-NHEJ. However, regions that contain
‘triple-heterochromatin’ features, including high H3K9me2 levels, late replication, and
lamina association, were more strongly associated with increased MMEJ usage compared
to regions associated with either high H3K9me2 enrichment or late replication alone [127].
This suggests that lamina association somehow promotes the usage of MMEJ. This increase
in alternative DSB-repair pathway usage is in line with an earlier report that found an
increased use of alternative end-joining when targeting a DSB to the nuclear lamina [136].
However, the loss of lamin A or the lamin B receptor did not clearly affect repair pathway
usage at CRISPR-Cas9-induced DSBs in ‘triple heterochromatin’ regions [127], indicating
that lamins might not be the dominant factor in promoting MMEJ. Other features present
at ‘triple heterochromatic sites’, such as the specific type of chromatin proteins or DNA
sequences associated with the nuclear lamina, could play a more important role in repair
pathway choice.

The decreased usage of c-NHEJ in H3K9me2-enriched heterochromatic regions identi-
fied in this study contrasts with a previous study that identified similar levels of c-NHEJ
at single DSBs induced in either eu- or heterochromatic regions in Drosophila tissue [22].
These different outcomes might reflect inherent differences between species in terms of DSB
repair in heterochromatic regions, but could also reflect distinctions in the exact type of
heterochromatin in which the DSBs are induced. Indeed, further research will be necessary
to elucidate which factors exactly contribute to DSB repair pathway choice in silenced hete-
rochromatic LADs, and the impact thereon by different heterochromatic properties, such as
(repetitive) DNA content and heterochromatin protein composition. Additionally, silenced
DNA sequences are thought to stochastically reside in different heterochromatic nuclear
compartments, alternating between the nuclear lamina and nucleolus or pericentromeric
bodies [137]. It would be interesting, in the future, to assess the impact of these different
compartments on DSB repair using single-cell methods and directly compare the response
in different species.

5. Summary and Perspectives

Here, we reviewed the current state of the art in our understanding of the regulation
of DSB repair in silenced heterochromatic regions. Collectively, these studies indicate the
differential regulation of DSB repair in heterochromatic regions, in particular c-Het regions.
Distinct DSB movements, spatiotemporal HR pathway regulation, and local chromatin
changes drive the ‘safe’ repair of these repetitive DNA sequences at the c-Het or nuclear
periphery. The eukaryotic genome consists of many more repetitive genomic regions,
which often do not reside solely in silenced chromatin. For example, major parts of the
repetitive ribosomal DNA are heavily transcribed [138] and centromeric repeats contain
specific histone marks [139], which are different from their surrounding pericentromeric
c-Het regions. Indeed, these repetitive regions have been described to have distinct repair
properties [21,140–142], which are different from repair of repetitive sequences in silenced
heterochromatin. A picture emerges where each chromatin domain in the eukaryotic nu-
cleus requires specific repair mechanisms, such as differential chromatin changes and repair
protein recruitment. In line with this, work in human cancer cells [143] and Drosophila [81]
has revealed the appearance of different chromatin signatures at DSBs in ‘active’ versus
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‘silenced’ chromatin domains. Future work will have to elucidate, on a genome-wide scale,
which chromatin signatures appear at DSBs in distinct chromatin domains, and how this
directs repair.

Chromatin signatures are extremely plastic and undergo changes upon cell differenti-
ation, ageing as well as during tumorigenesis. It is likely that these chromatin changes will
have a major impact on the efficiency of DNA repair. For example, oncometabolite-induced
changes in chromatin signatures are directly linked to DSB-repair defects in cancer [144].
Understanding how chromatin changes in development, but especially in cancer, influ-
ence the stability of the underlying sequence is essential to understand the occurrence of
mutational signatures in different tissues, cell types [145], and cancer types [146]. More
importantly, this knowledge could, in the long-term, be used to specifically target certain
cancer types, for example, by combining radiotherapy with inhibitors of specific chromatin
modifiers.

The use of model organisms, with their well-defined chromatin domains and genomi-
cally stable cells, will be invaluable in determining the impact of chromatin changes on
DSB repair, especially in the context of developmental- or ageing-induced [147] changes in
chromatin domains. In the long-term, an improved understanding of how different pre-
existing chromatin regions respond to DNA damage will undoubtedly lead to new insights
into the maintenance of genome stability throughout normal organismal development as
well as defects in these processes during disease onset.
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74. Lorković, Z.J.; Park, C.; Goiser, M.; Jiang, D.; Kurzbauer, M.-T.; Schlögelhofer, P.; Berger, F. Compartmentalization of DNA
Damage Response between Heterochromatin and Euchromatin Is Mediated by Distinct H2A Histone Variants. Curr. Biol. 2017,
27, 1192–1199. [CrossRef]

75. Lin, C.-H.; Paulson, A.; Abmayr, S.M.; Workman, J.L. HP1a targets the Drosophila KDM4A demethylase to a subset of heterochro-
matic genes to regulate H3K36me3 levels. PLoS ONE 2012, 7, e39758. [CrossRef]

76. Crona, F.; Dahlberg, O.; Lundberg, L.E.; Larsson, J.; Mannervik, M. Gene regulation by the lysine demethylase KDM4A in
Drosophila. Dev. Biol. 2013, 373, 453–463. [CrossRef] [PubMed]

77. Klose, R.J.; Yamane, K.; Bae, Y.; Zhang, D.; Erdjument-Bromage, H.; Tempst, P.; Wong, J.; Zhang, Y. The transcriptional repressor
JHDM3A demethylates trimethyl histone H3 lysine 9 and lysine 36. Nature 2006, 442, 312–316. [CrossRef]

78. Lloret-Llinares, M.; Carré, C.; Vaquero, A.; De Olano, N.; Azorín, F. Characterization of Drosophila melanogaster JmjC+N histone
demethylases. Nucleic Acids Res. 2008, 36, 2852–2863. [CrossRef]

79. Tsurumi, A.; Dutta, P.; Yan, S.-J.; Shang, R.; Li, W.X. Drosophila Kdm4 demethylases in histone H3 lysine 9 demethylation and
ecdysteroid signaling. Sci. Rep. 2013, 3, 2894. [CrossRef] [PubMed]

80. Colmenares, S.U.; Swenson, J.M.; Langley, S.A.; Kennedy, C.; Costes, S.V.; Karpen, G.H. Drosophila Histone Demethylase KDM4A
Has Enzymatic and Non-enzymatic Roles in Controlling Heterochromatin Integrity. Dev. Cell 2017, 42, 156–169.e5. [CrossRef]
[PubMed]

81. Janssen, A.; Colmenares, S.U.; Lee, T.; Karpen, G.H. Timely double-strand break repair and pathway choice in pericentromeric
heterochromatin depend on the histone demethylase dKDM4A. Genes Dev. 2019, 33, 103–115. [CrossRef] [PubMed]

82. Black, J.C.; Manning, A.L.; Van Rechem, C.; Kim, J.; Ladd, B.; Cho, J.; Pineda, C.M.; Murphy, N.; Daniels, D.L.; Montagna, C.;
et al. KDM4A lysine demethylase induces site-specific copy gain and rereplication of regions amplified in tumors. Cell 2013, 154,
541–555. [CrossRef]

83. Mallette, F.A.; Mattiroli, F.; Cui, G.; Young, L.C.; Hendzel, M.J.; Mer, G.; Sixma, T.K.; Richard, S. RNF8- and RNF168-dependent
degradation of KDM4A/JMJD2A triggers 53BP1 recruitment to DNA damage sites. EMBO J. 2012, 31, 1865–1878. [CrossRef]
[PubMed]

84. Khoury-Haddad, H.; Guttmann-Raviv, N.; Ipenberg, I.; Huggins, D.; Jeyasekharan, A.D.; Ayoub, N. PARP1-dependent recruit-
ment of KDM4D histone demethylase to DNA damage sites promotes double-strand break repair. Proc. Natl. Acad. Sci. USA 2014,
111, E728–E737. [CrossRef]

85. Garvin, A.J.; Morris, J.R. SUMO, a small, but powerful, regulator of double-strand break repair. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 2017, 372, 20160281. [CrossRef]

86. Aragon, L. The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative. Annu. Rev. Genet. 2018, 52,
89–107. [CrossRef]

87. Ryu, T.; Bonner, M.R.; Chiolo, I. Cervantes and Quijote protect heterochromatin from aberrant recombination and lead the way to
the nuclear periphery. Nucleus 2016, 7, 485–497. [CrossRef]

88. Caridi, C.P.; D’Agostino, C.; Ryu, T.; Zapotoczny, G.; Delabaere, L.; Li, X.; Khodaverdian, V.Y.; Amaral, N.; Lin, E.; Rau, A.R.; et al.
Nuclear F-actin and myosins drive relocalization of heterochromatic breaks. Nature 2018, 559, 54–60. [CrossRef]

89. Caridi, C.P.; Plessner, M.; Grosse, R.; Chiolo, I. Nuclear actin filaments in DNA repair dynamics. Nat. Cell Biol. 2019, 21, 1068–1077.
[CrossRef] [PubMed]

90. Schrank, B.R.; Aparicio, T.; Li, Y.; Chang, W.; Chait, B.T.; Gundersen, G.G.; Gottesman, M.E.; Gautier, J. Nuclear ARP2/3 drives
DNA break clustering for homology-directed repair. Nature 2018, 559, 61–66. [CrossRef]

http://doi.org/10.1371/journal.pgen.1000435
http://doi.org/10.1101/gad.322495.118
http://doi.org/10.1038/nature22822
http://www.ncbi.nlm.nih.gov/pubmed/28636604
http://doi.org/10.1038/ncb2017
http://www.ncbi.nlm.nih.gov/pubmed/20081839
http://doi.org/10.1016/j.molcel.2008.05.017
http://www.ncbi.nlm.nih.gov/pubmed/18657500
http://doi.org/10.1038/nsmb.2077
http://www.ncbi.nlm.nih.gov/pubmed/21642969
http://doi.org/10.1038/nature06875
http://doi.org/10.1038/ncb1446
http://www.ncbi.nlm.nih.gov/pubmed/16862143
http://doi.org/10.1016/j.cub.2017.03.002
http://doi.org/10.1371/journal.pone.0039758
http://doi.org/10.1016/j.ydbio.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23195220
http://doi.org/10.1038/nature04853
http://doi.org/10.1093/nar/gkn098
http://doi.org/10.1038/srep02894
http://www.ncbi.nlm.nih.gov/pubmed/24100631
http://doi.org/10.1016/j.devcel.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28743002
http://doi.org/10.1101/gad.317537.118
http://www.ncbi.nlm.nih.gov/pubmed/30578303
http://doi.org/10.1016/j.cell.2013.06.051
http://doi.org/10.1038/emboj.2012.47
http://www.ncbi.nlm.nih.gov/pubmed/22373579
http://doi.org/10.1073/pnas.1317585111
http://doi.org/10.1098/rstb.2016.0281
http://doi.org/10.1146/annurev-genet-120417-031353
http://doi.org/10.1080/19491034.2016.1239683
http://doi.org/10.1038/s41586-018-0242-8
http://doi.org/10.1038/s41556-019-0379-1
http://www.ncbi.nlm.nih.gov/pubmed/31481797
http://doi.org/10.1038/s41586-018-0237-5


Genes 2021, 12, 1415 16 of 17

91. Geli, V.; Lisby, M. Recombinational DNA repair is regulated by compartmentalization of DNA lesions at the nuclear pore complex.
Bioessays 2015, 37, 1287–1292. [CrossRef] [PubMed]

92. Amaral, N.; Ryu, T.; Li, X.; Chiolo, I. Nuclear Dynamics of Heterochromatin Repair. Trends Genet. 2017, 33, 86–100. [CrossRef]
93. Freudenreich, C.H.; Su, X.A. Relocalization of DNA lesions to the nuclear pore complex. FEMS Yeast Res. 2016, 16, fow095.

[CrossRef]
94. Nagai, S.; Dubrana, K.; Tsai-Pflugfelder, M.; Davidson, M.B.; Roberts, T.M.; Brown, G.W.; Varela, E.; Hediger, F.; Gasser, S.M.;

Krogan, N.J. Functional targeting of DNA damage to a nuclear pore-associated SUMO-dependent ubiquitin ligase. Science 2008,
322, 597–602. [CrossRef] [PubMed]

95. Pinzaru, A.M.; Kareh, M.; Lamm, N.; Lazzerini-Denchi, E.; Cesare, A.J.; Sfeir, A. Replication stress conferred by POT1 dysfunction
promotes telomere relocalization to the nuclear pore. Genes Dev. 2020, 34, 1619–1636. [CrossRef] [PubMed]

96. Lamm, N.; Read, M.N.; Nobis, M.; Van Ly, D.; Page, S.G.; Masamsetti, V.P.; Timpson, P.; Biro, M.; Cesare, A.J. Nuclear F-actin
counteracts nuclear deformation and promotes fork repair during replication stress. Nat. Cell Biol. 2020, 22, 1460–1470. [CrossRef]

97. Yeager, T.R.; Neumann, A.A.; Englezou, A.; Huschtscha, L.I.; Noble, J.R.; Reddel, R.R. Telomerase-negative immortalized human
cells contain a novel type of promyelocytic leukemia (PML) body. Cancer Res. 1999, 59, 4175–4179.

98. Lallemand-Breitenbach, V.; de Thé, H. PML nuclear bodies. Cold Spring Harb. Perspect. Biol. 2010, 2, a000661. [CrossRef] [PubMed]
99. Zhang, H.; Zhao, R.; Tones, J.; Liu, M.; Dilley, R.L.; Chenoweth, D.M.; Greenberg, R.A.; Lampson, M.A. Nuclear body phase

separation drives telomere clustering in ALT cancer cells. Mol. Biol. Cell 2020, 31, 2048–2056. [CrossRef]
100. Potts, P.R.; Yu, H. The SMC5/6 complex maintains telomere length in ALT cancer cells through SUMOylation of telomere-binding

proteins. Nat. Struct. Mol. Biol. 2007, 14, 581–590. [CrossRef]
101. Nagai, S.; Davoodi, N.; Gasser, S.M. Nuclear organization in genome stability: SUMO connections. Cell Res. 2011, 21, 474–485.

[CrossRef]
102. Barr, M.L.; Bertram, E.G. A morphological distinction between neurones of the male and female, and the behaviour of the

nucleolar satellite during accelerated nucleoprotein synthesis. Nature 1949, 163, 676. [CrossRef]
103. Lewis, E.B. A gene complex controlling segmentation in Drosophila. Nature 1978, 276, 565–570. [CrossRef] [PubMed]
104. Buchenau, P.; Hodgson, J.; Strutt, H.; Arndt-Jovin, D.J. The distribution of polycomb-group proteins during cell division and

development in Drosophila embryos: Impact on models for silencing. J. Cell Biol. 1998, 141, 469–481. [CrossRef] [PubMed]
105. Saurin, A.J.; Shiels, C.; Williamson, J.; Satijn, D.P.; Otte, A.P.; Sheer, D.; Freemont, P.S. The human polycomb group complex

associates with pericentromeric heterochromatin to form a novel nuclear domain. J. Cell Biol. 1998, 142, 887–898. [CrossRef]
[PubMed]

106. Bantignies, F.; Roure, V.; Comet, I.; Leblanc, B.; Schuettengruber, B.; Bonnet, J.; Tixier, V.; Mas, A.; Cavalli, G. Polycomb-dependent
regulatory contacts between distant HOX loci in Drosophila. Cell 2011, 144, 214–226. [CrossRef]

107. Lanzuolo, C.; Roure, V.; Dekker, J.; Bantignies, F.; Orlando, V. Polycomb response elements mediate the formation of chromosome
higher-order structures in the bithorax complex. Nat. Cell Biol. 2007, 9, 1167–1174. [CrossRef]

108. Lewis, P.H. Pc: Polycomb. Drosoph. Inh. Serv. 1947, 21, 69.
109. Duncan, I.M. Polycomblike: A gene that appears to be required for the normal expression of the bithorax and antennapedia gene

complexes of Drosophila melanogaster. Genetics 1982, 102, 49–70. [CrossRef]
110. Jürgens, G. A group of genes controlling the spatial expression of the bithorax complex in Drosophila. Nature 1985, 316, 153–155.

[CrossRef]
111. Czermin, B.; Melfi, R.; McCabe, D.; Seitz, V.; Imhof, A.; Pirrotta, V. Drosophila enhancer of Zeste/ESC complexes have a histone

H3 methyltransferase activity that marks chromosomal Polycomb sites. Cell 2002, 111, 185–196. [CrossRef]
112. Müller, J.; Hart, C.M.; Francis, N.J.; Vargas, M.L.; Sengupta, A.; Wild, B.; Miller, E.L.; O’Connor, M.B.; Kingston, R.E.; Simon, J.A.

Histone methyltransferase activity of a Drosophila Polycomb group repressor complex. Cell 2002, 111, 197–208. [CrossRef]
113. Cao, R.; Wang, L.; Wang, H.; Xia, L.; Erdjument-Bromage, H.; Tempst, P.; Jones, R.S.; Zhang, Y. Role of histone H3 lysine 27

methylation in Polycomb-group silencing. Science 2002, 298, 1039–1043. [CrossRef]
114. Pengelly, A.R.; Copur, Ö.; Jäckle, H.; Herzig, A.; Müller, J. A histone mutant reproduces the phenotype caused by loss of

histone-modifying factor Polycomb. Science 2013, 339, 698–699. [CrossRef]
115. Wang, H.; Wang, L.; Erdjument-Bromage, H.; Vidal, M.; Tempst, P.; Jones, R.S.; Zhang, Y. Role of histone H2A ubiquitination in

Polycomb silencing. Nature 2004, 431, 873–878. [CrossRef] [PubMed]
116. Kalb, R.; Latwiel, S.; Baymaz, H.I.; Jansen, P.W.; Müller, C.W.; Vermeulen, M.; Müller, J. Histone H2A monoubiquitination

promotes histone H3 methylation in Polycomb repression. Nat. Struct. Mol. Biol. 2014, 21, 569–571. [CrossRef] [PubMed]
117. Shao, Z.; Raible, F.; Mollaaghababa, R.; Guyon, J.R.; Wu, C.T.; Bender, W.; Kingston, R.E. Stabilization of chromatin structure by

PRC1, a Polycomb complex. Cell 1999, 98, 37–46. [CrossRef]
118. King, I.F.; Emmons, R.B.; Francis, N.J.; Wild, B.; Müller, J.; Kingston, R.E.; Wu, C.T. Analysis of a polycomb group protein defines

regions that link repressive activity on nucleosomal templates to in vivo function. Mol. Cell. Biol. 2005, 25, 6578–6591. [CrossRef]
[PubMed]

119. Francis, N.J.; Kingston, R.E.; Woodcock, C.L. Chromatin compaction by a polycomb group protein complex. Science 2004, 306,
1574–1577. [CrossRef]

120. Grau, D.J.; Chapman, B.A.; Garlick, J.D.; Borowsky, M.; Francis, N.J.; Kingston, R.E. Compaction of chromatin by diverse
Polycomb group proteins requires localized regions of high charge. Genes Dev. 2011, 25, 2210–2221. [CrossRef]

http://doi.org/10.1002/bies.201500084
http://www.ncbi.nlm.nih.gov/pubmed/26422820
http://doi.org/10.1016/j.tig.2016.12.004
http://doi.org/10.1093/femsyr/fow095
http://doi.org/10.1126/science.1162790
http://www.ncbi.nlm.nih.gov/pubmed/18948542
http://doi.org/10.1101/gad.337287.120
http://www.ncbi.nlm.nih.gov/pubmed/33122293
http://doi.org/10.1038/s41556-020-00605-6
http://doi.org/10.1101/cshperspect.a000661
http://www.ncbi.nlm.nih.gov/pubmed/20452955
http://doi.org/10.1091/mbc.E19-10-0589
http://doi.org/10.1038/nsmb1259
http://doi.org/10.1038/cr.2011.31
http://doi.org/10.1038/163676a0
http://doi.org/10.1038/276565a0
http://www.ncbi.nlm.nih.gov/pubmed/103000
http://doi.org/10.1083/jcb.141.2.469
http://www.ncbi.nlm.nih.gov/pubmed/9548724
http://doi.org/10.1083/jcb.142.4.887
http://www.ncbi.nlm.nih.gov/pubmed/9722603
http://doi.org/10.1016/j.cell.2010.12.026
http://doi.org/10.1038/ncb1637
http://doi.org/10.1093/genetics/102.1.49
http://doi.org/10.1038/316153a0
http://doi.org/10.1016/S0092-8674(02)00975-3
http://doi.org/10.1016/S0092-8674(02)00976-5
http://doi.org/10.1126/science.1076997
http://doi.org/10.1126/science.1231382
http://doi.org/10.1038/nature02985
http://www.ncbi.nlm.nih.gov/pubmed/15386022
http://doi.org/10.1038/nsmb.2833
http://www.ncbi.nlm.nih.gov/pubmed/24837194
http://doi.org/10.1016/S0092-8674(00)80604-2
http://doi.org/10.1128/MCB.25.15.6578-6591.2005
http://www.ncbi.nlm.nih.gov/pubmed/16024794
http://doi.org/10.1126/science.1100576
http://doi.org/10.1101/gad.17288211


Genes 2021, 12, 1415 17 of 17

121. Lau, M.S.; Schwartz, M.G.; Kundu, S.; Savol, A.J.; Wang, P.I.; Marr, S.K.; Grau, D.J.; Schorderet, P.; Sadreyev, R.I.; Tabin, C.J.;
et al. Mutation of a nucleosome compaction region disrupts Polycomb-mediated axial patterning. Science 2017, 355, 1081–1084.
[CrossRef]

122. Seif, E.; Kang, J.J.; Sasseville, C.; Senkovich, O.; Kaltashov, A.; Boulier, E.L.; Kapur, I.; Kim, C.A.; Francis, N.J. Phase separation by
the polyhomeotic sterile alpha motif compartmentalizes Polycomb Group proteins and enhances their activity. Nat. Commun.
2020, 11, 5609. [CrossRef]

123. Das, P.; Taube, J.H. Regulating Methylation at H3K27: A Trick or Treat for Cancer Cell Plasticity. Cancers 2020, 12, 2792. [CrossRef]
124. Müller, I.; Merk, B.; Voss, K.O.; Averbeck, N.; Jakob, B.; Durante, M.; Taucher-Scholz, G. Species conserved DNA damage response

at the inactive human X chromosome. Mutat. Res. 2013, 756, 30–36. [CrossRef] [PubMed]
125. Kallimasioti-Paz, E.M.; Thelakkad Chathoth, K.; Taylor, G.C.; Meynert, A.; Ballinger, T.; Kelder, M.J.E.; Lalevée, S.; Sanli, I.; Feil,

R.; Wood, A.J. Heterochromatin delays CRISPR-Cas9 mutagenesis but does not influence the outcome of mutagenic DNA repair.
PLoS Biol. 2018, 16, e2005595. [CrossRef] [PubMed]

126. Weaver, J.R.; Bartolomei, M.S. Chromatin regulators of genomic imprinting. Biochim. Biophys. Acta 2014, 1839, 169–177. [CrossRef]
[PubMed]

127. Schep, R.; Brinkman, E.K.; Leemans, C.; Vergara, X.; van der Weide, R.H.; Morris, B.; van Schaik, T.; Manzo, S.G.; Peric-Hupkes,
D.; van den Berg, J.; et al. Impact of chromatin context on Cas9-induced DNA double-strand break repair pathway balance. Mol.
Cell 2021, 81, 2216–2230. [CrossRef] [PubMed]

128. Rondinelli, B.; Gogola, E.; Yücel, H.; Duarte, A.A.; van de Ven, M.; van der Sluijs, R.; Konstantinopoulos, P.A.; Jonkers, J.;
Ceccaldi, R.; Rottenberg, S.; et al. EZH2 promotes degradation of stalled replication forks by recruiting MUS81 through histone
H3 trimethylation. Nat. Cell Biol. 2017, 19, 1371–1378. [CrossRef]

129. Fitieh, A.; Locke, A.J.; Motamedi, M.; Ismail, I.H. The Role of Polycomb Group Protein BMI1 in DNA Repair and Genomic
Stability. Int. J. Mol. Sci. 2021, 22, 2976. [CrossRef] [PubMed]

130. Burke, B.; Stewart, C.L. The nuclear lamins: Flexibility in function. Nat. Rev. Mol. Cell Biol. 2013, 14, 13–24. [CrossRef]
131. Pickersgill, H.; Kalverda, B.; de Wit, E.; Talhout, W.; Fornerod, M.; van Steensel, B. Characterization of the Drosophila melanogaster

genome at the nuclear lamina. Nat. Genet. 2006, 38, 1005–1014. [CrossRef]
132. Guelen, L.; Pagie, L.; Brasset, E.; Meuleman, W.; Faza, M.B.; Talhout, W.; Eussen, B.H.; de Klein, A.; Wessels, L.; de Laat, W.; et al.

Domain organization of human chromosomes revealed by mapping of nuclear lamina interactions. Nature 2008, 453, 948–951.
[CrossRef]

133. Ikegami, K.; Egelhofer, T.A.; Strome, S.; Lieb, J.D. Caenorhabditis elegans chromosome arms are anchored to the nuclear
membrane via discontinuous association with LEM-2. Genome Biol. 2010, 11, R120. [CrossRef]

134. Kind, J.; Pagie, L.; Ortabozkoyun, H.; Boyle, S.; de Vries, S.S.; Janssen, H.; Amendola, M.; Nolen, L.D.; Bickmore, W.A.; van
Steensel, B. Single-cell dynamics of genome-nuclear lamina interactions. Cell 2013, 153, 178–192. [CrossRef]

135. Van Steensel, B.; Belmont, A.S. Lamina-Associated Domains: Links with Chromosome Architecture, Heterochromatin, and Gene
Repression. Cell 2017, 169, 780–791. [CrossRef] [PubMed]

136. Lemaitre, C.; Grabarz, A.; Tsouroula, K.; Andronov, L.; Furst, A.; Pankotai, T.; Heyer, V.; Rogier, M.; Attwood, K.M.; Kessler, P.;
et al. Nuclear position dictates DNA repair pathway choice. Genes Dev. 2014, 28, 2450–2463. [CrossRef]

137. Politz, J.C.R.; Scalzo, D.; Groudine, M. The redundancy of the mammalian heterochromatic compartment. Curr. Opin. Genet. Dev.
2016, 37, 1–8. [CrossRef] [PubMed]

138. McStay, B. Nucleolar organizer regions: Genomic ‘dark matter’ requiring illumination. Genes Dev. 2016, 30, 1598–1610. [CrossRef]
139. Sullivan, B.A.; Karpen, G.H. Centromeric chromatin exhibits a histone modification pattern that is distinct from both euchromatin

and heterochromatin. Nat. Struct. Mol. Biol. 2004, 11, 1076–1083. [CrossRef]
140. Warmerdam, D.O.; van den Berg, J.; Medema, R.H. Breaks in the 45S rDNA Lead to Recombination-Mediated Loss of Repeats.

Cell Rep. 2016, 14, 2519–2527. [CrossRef] [PubMed]
141. Van Sluis, M.; McStay, B. A localized nucleolar DNA damage response facilitates recruitment of the homology-directed repair

machinery independent of cell cycle stage. Genes Dev. 2015, 29, 1151–1163. [CrossRef]
142. Harding, S.M.; Boiarsky, J.A.; Greenberg, R.A. ATM Dependent Silencing Links Nucleolar Chromatin Reorganization to DNA

Damage Recognition. Cell Rep. 2015, 13, 251–259. [CrossRef] [PubMed]
143. Clouaire, T.; Rocher, V.; Lashgari, A.; Arnould, C.; Aguirrebengoa, M.; Biernacka, A.; Skrzypczak, M.; Aymard, F.; Fongang, B.;

Dojer, N.; et al. Comprehensive Mapping of Histone Modifications at DNA Double-Strand Breaks Deciphers Repair Pathway
Chromatin Signatures. Mol. Cell 2018, 72, 250–262.e6. [CrossRef]

144. Sulkowski, P.L.; Oeck, S.; Dow, J.; Economos, N.G.; Mirfakhraie, L.; Liu, Y.; Noronha, K.; Bao, X.; Li, J.; Shuch, B.M.; et al.
Oncometabolites suppress DNA repair by disrupting local chromatin signalling. Nature 2020, 582, 586–591. [CrossRef] [PubMed]

145. Blokzijl, F.; de Ligt, J.; Jager, M.; Sasselli, V.; Roerink, S.; Sasaki, N.; Huch, M.; Boymans, S.; Kuijk, E.; Prins, P.; et al. Tissue-specific
mutation accumulation in human adult stem cells during life. Nature 2016, 538, 260–264. [CrossRef]

146. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Tian Ng, A.W.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94–101. [CrossRef] [PubMed]

147. Delabaere, L.; Ertl, H.A.; Massey, D.J.; Hofley, C.M.; Sohail, F.; Bienenstock, E.J.; Sebastian, H.; Chiolo, I.; LaRocque, J.R. Aging
impairs double-strand break repair by homologous recombination in Drosophila germ cells. Aging Cell 2017, 16, 320–328.
[CrossRef] [PubMed]

http://doi.org/10.1126/science.aah5403
http://doi.org/10.1038/s41467-020-19435-z
http://doi.org/10.3390/cancers12102792
http://doi.org/10.1016/j.mrgentox.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23628434
http://doi.org/10.1371/journal.pbio.2005595
http://www.ncbi.nlm.nih.gov/pubmed/30540740
http://doi.org/10.1016/j.bbagrm.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24345612
http://doi.org/10.1016/j.molcel.2021.03.032
http://www.ncbi.nlm.nih.gov/pubmed/33848455
http://doi.org/10.1038/ncb3626
http://doi.org/10.3390/ijms22062976
http://www.ncbi.nlm.nih.gov/pubmed/33804165
http://doi.org/10.1038/nrm3488
http://doi.org/10.1038/ng1852
http://doi.org/10.1038/nature06947
http://doi.org/10.1186/gb-2010-11-12-r120
http://doi.org/10.1016/j.cell.2013.02.028
http://doi.org/10.1016/j.cell.2017.04.022
http://www.ncbi.nlm.nih.gov/pubmed/28525751
http://doi.org/10.1101/gad.248369.114
http://doi.org/10.1016/j.gde.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26706451
http://doi.org/10.1101/gad.283838.116
http://doi.org/10.1038/nsmb845
http://doi.org/10.1016/j.celrep.2016.02.048
http://www.ncbi.nlm.nih.gov/pubmed/26972008
http://doi.org/10.1101/gad.260703.115
http://doi.org/10.1016/j.celrep.2015.08.085
http://www.ncbi.nlm.nih.gov/pubmed/26440899
http://doi.org/10.1016/j.molcel.2018.08.020
http://doi.org/10.1038/s41586-020-2363-0
http://www.ncbi.nlm.nih.gov/pubmed/32494005
http://doi.org/10.1038/nature19768
http://doi.org/10.1038/s41586-020-1943-3
http://www.ncbi.nlm.nih.gov/pubmed/32025018
http://doi.org/10.1111/acel.12556
http://www.ncbi.nlm.nih.gov/pubmed/28000382

	Introduction 
	Constitutive Heterochromatin 
	General Principles of DSB Repair in c-Het 
	The Role of Canonical Heterochromatin Proteins in c-Het Repair 
	Local Chromatin Changes at c-Het DSBs 
	SUMOylation and the Nuclear Periphery in c-Het Repair 

	Facultative Heterochromatin 
	Lamina-Associated Domains 
	Summary and Perspectives 
	References

