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Abstract

Repairing double-strand breaks (DSBs) is particularly challenging in pericentromeric
heterochromatin, where the abundance of repeated sequences exacerbates the risk of ectopic
recombination and chromosome rearrangements. Recent studies in Drosophila cells revealed that
faithful homologous recombination repair of heterochromatic DSBs relies on the relocalization of
DSBs to the nuclear periphery before Rad51 recruitment. Here we summarize the exciting
progress in understanding this pathway, including conserved responses in mammalian cells and
surprising similarities with mechanisms available in yeast to deal with DSBs in other sites that are
difficult to repair, including other repeated sequences. We will also point out some of the most
important open questions in the field and emerging evidence suggesting that deregulating these
pathways might have dramatic consequences for human health.
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Unique mechanisms regulate homologous recombination repair in

heterochromatin

Double-strand break (DSB) repair in pericentromeric heterochromatin (hereafter
‘heterochromatin’, See Glossary) is particularly challenging because of the abundance of
repeated DNA sequences prone to non-allelic (ectopic) recombination [1, 2]. In Drosophila,
about half of these sequences consist of simple ‘satellite’ DNA repeats, predominantly
tandem 5-base pair sequences, repeated for hundreds of kilobases to megabases, while the
rest are composed of scrambled clusters of transposable elements and about 250 isolated
genes [3-5]. Pericentromeric heterochromatin occupies nearly 30% of fly and human
genomes [3-5], and is typically enriched for ‘silent” chromatin marks (e.g., H3K9me2,3 and
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its associated heterochromatin protein 1, or HP1), but it is absent in budding yeast. Notably,
while these sequences are late replicating in Drosophila and mammalian cells [6, 7], they are
functionally and structurally distinct from late replicating silent regions associated with the
lamina (lamina-associated domains, or LADs) [8-10] and, in contrast to those, they are not
usually distributed along the nuclear periphery (see for example [2, 11-14]).
Heterochromatin is likely maintained in multicellular eukaryotes for its critical roles in
centromere function [15-17], meiotic pairing [18, 19], and sister chromatid cohesion [20,
21], but how these large stretches of highly repeated DNA sequences are safely repaired is
just starting to emerge.

Repeated sequences associated with different chromosomes can engage in ectopic
recombination during DSB repair, leading to chromosome rearrangements and widespread
genome instability [1, 2]. Homologous recombination (HR) starts when DSBs are resected
to form single-stranded DNA (ssDNA) filaments, which invade ‘donor’ homologous
sequences used as templates for DNA synthesis and repair [22]. In single copy sequences, a
unique donor is present on the sister chromatid or the homologous chromosome, and repair
is largely ‘error free’ [22]. In heterochromatin, however, the availability of thousands to
millions of potential donor sequences can initiate unequal sister chromatid exchanges or
inter-chromosomal recombination, leading to deletions, duplications, translocations, and
formation of dicentric or acentric chromosomes [1, 23-25]. Despite this danger, HR is a
primary pathway used to repair heterochromatic DSBs in both Drosophila and mammalian
cells [12, 14, 25-28], and specialized mechanisms have evolved to enable ‘safe’ HR repair
in heterochromatin while preventing aberrant recombination.

Major progress in understanding heterochromatin repair pathways comes from recent studies
in Drosophila cells, where the organization of all pericentromeric regions in one distinct
nuclear domain facilitates the study of nuclear dynamics during repair [12, 29]. These
studies revealed that early repair steps occur inside the heterochromatin domain [12, 30], but
later steps only occur after a dynamic expansion of the heterochromatin domain [12] and a
striking relocalization of repair sites to the nuclear periphery [12, 25, 27, 30, 31]. This
regulation of repair in space and time relies on a temporary block of HR progression inside
the heterochromatin domain, and the restart of repair after relocalization [12, 25, 28].
Relocalization likely promotes safe HR while preventing aberrant recombination by
isolating the DSBs and their templates (on the homologous chromosome or the sister
chromatid) away from ectopic sequences before strand invasion [2]. Remarkable similarities
to this pathway have been described in mouse cells [2, 14, 32, 33], where heterochromatin is
organized in several nuclear domains called ‘chromocenters’, revealing highly conserved
strategies for heterochromatin repair.

Here, we review the current understanding of the molecular mechanisms involved, with a
focus on discoveries in Drosophila cells and conserved pathways in mouse cells. We
highlight the importance of SUMOylation and nuclear architecture in regulating HR
progression in heterochromatin, and point out interesting similarities between this response
and previously identified mechanisms that repair other repeated DNA sequences (rDNA and
telomeres) or other “difficult’ regions of the genome across different organisms. Finally, we
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propose how deregulation of these pathways might impact genome stability in health and in
disease.

Silencing components and SUMOylation block HR progression inside the
heterochromatin domain

Analyses of protein recruitment to repair foci suggest that the initial steps of the DNA
damage response occur with high efficiency in heterochromatin. Specifically, DSB induction
in heterochromatin results in checkpoint-dependent phosphorylation of H2A variants in
Drosophila and mouse heterochromatin, resulting in yH2Av and yH2AX foci, respectively
[2, 12, 14, 33] (Figure 1). The yH2Av-binding protein Mdc1/Mu2 (Mediator of DNA
damage checkpoint 1) is also recruited to these sites within minutes from DSB formation in
Drosophila cells [12, 27, 30]. Interestingly, in Drosophila cells foci of ATRIP (ATR
interacting protein) and TopBP1 (Topoisomerase Il Binding Protein 1), which are recruited
to resected DSBs, appear brighter and form faster in heterochromatin than in euchromatin
[12], suggesting that resection and/or ATRIP-TopBP1 recruitment is particularly efficient in
heterochromatin [2, 12, 14, 27, 33] (Figure 1). These observations reversed the previous
assumption that heterochromatin compaction and silencing present a barrier to initiating
repair responses and support the interesting possibility that early repair steps (e.g., resection)
are enhanced inside the domain. However, Rad51 and Rad54 are not recruited to
heterochromatic DSBs until after relocalization [12, 14, 25, 28], suggesting that Rad51
loading and strand invasion are initially halted in heterochromatin.

In Drosophila, this temporary block to HR progression requires the heterochromatin-specific
components Su(var)3-9 (Suppressor of variegation 3-9), SetDB1 (SET Domain Bifurcated
1) and HP1a [12], revealing the importance of heterochromatin silencing in the regulation of
DSB repair. Downstream from these components, the block is mediated by Smc5/6
(Structural Maintenance of Chromosomes 5/6 complex) and SUMOylation [12, 25, 28], with
three participating SUMO-E3 ligases: dPIAS (protein inhibitor of activated STAT), and the
Smc5/6 complex subunits Nse2/Qjt (Quijote) and Nse2/Cerv (Cervantes) [12, 25, 28]
(Figure 1, Table 1). Removing this block results in abnormal recruitment of Rad51 inside the
domain and aberrant recombination, leading to the formation of recombination-dependent
heterochromatic DNA filaments between dividing cells and chromosome rearrangements
[12, 23-25, 28]. This suggests the importance of the block to Rad51 recruitment inside the
heterochromatin domain to prevent aberrant recombination between heterochromatic
repeated sequences.

In addition to blocking HR progression, SUMQylation is required for relocalizing
heterochromatic DSBs to the nuclear periphery in Drosophila [12, 25]. The underlying
mechanism is still unclear, but the association of SUMOQylated proteins with the SUMO-
targeted ubiquitin ligase (STUbL) Dgrn (Degringolade, the Drosophila homolog of yeast
SIx5/8 and human Rnf4; Table 1) might be sufficient to trigger this movement. Accordingly,
Dgrn is recruited to heterochromatic DSBs before their departure from the domain [28], and
is required for relocalization [25]. Importantly, Dgrn is required for relocalizing
heterochromatic DSBS, but not for blocking HR recruitment inside the domain [25]. This
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reveals that the block to HR progression and relocalization of heterochromatic DSBs are two
genetically separable pathways, with SUMOylation controlling both, but Dgrn being
responsible only for relocalization. The Smc5/6 complex is also required for
heterochromatin repair in mouse cells, where it blocks the recruitment of the non-
homologous end-joining (NHEJ) component Ku80 and promotes DSB relocalization [14],
revealing a conserved role of Smc5/6 in the maintenance of heterochromatin stability
(Figure 2). However, the loss of HP1 proteins and Smc5/6 leads to abnormal formation of
Rad51 foci inside the heterochromatin domain in Drosophila [12, 25, 28] but not in mouse
cells [14], suggesting that distinct or redundant mechanisms contribute to blocking HR
progression in mammalian heterochromatin.

Together, these studies identified heterochromatin silencing proteins and SUMOylation as
central components required for blocking Rad51 recruitment inside the heterochromatin
domain, and for preventing aberrant recombination between repeated sequences.
SUMOylation might also work in concert with STUbL proteins to trigger relocalization of
DSBs to the nuclear periphery, providing a critical regulation of heterochromatin repair in
space and time.

Heterochromatic DSBs move to the nuclear periphery to complete ‘safe’ HR

repair

In Drosophila cells, heterochromatic DSBs relocalize to nuclear pores or inner nuclear
membrane proteins (INMPs) at the nuclear periphery before recruiting Rad51 and
continuing HR repair [25]. Specifically, the nuclear pore ‘outer ring’ Nup107-160 complex
and the INMPs of the SUN family, Koi (Klaroid) and Spag4 (Sperm-associated antigen 4)
independently anchor heterochromatic DSBs after relocalization [25] (Figure 1, Table 1).

In addition to providing anchoring functions, thus keeping DSBs away from the
heterochromatin domain during strand invasion, the nuclear periphery seems to play an
active role in repair progression. In fact, ATRIP focus disassembly and Rad51 recruitment,
which reflect HR progression [12], occur only after DSBs have moved to the nuclear
periphery [25]. This progression is impaired in the absence of nuclear periphery anchoring
components, revealing that anchoring to the periphery is not only concomitant with, but also
a prerequisite for the continuation of HR [25].

What promotes the continuation of HR repair at the nuclear periphery is unclear, but the
STUbL Dgrn and its partner, the RENi (Rad60-Esc2-Nip45) family protein dRad60, might
play a central role in this repair step. Dgrn and dRad60 are highly enriched at the nuclear
periphery [25], where they colocalize with both nuclear pores and INMPs [25]. Unlike Dgrn,
dRad60 is not recruited to heterochromatic DSBs before relocalization [28], suggesting a
specific function of dRad60 at later repair steps. While the functions of RENi proteins are
still poorly understood, it has been proposed that they might promote the activity of STUbLS
on their targets [34-36]. Thus, dRad60 might facilitate the Dgrn-dependent ubiquitination of
SUMOylated targets at the nuclear periphery, relieving the block to HR progression
specifically in this location.
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Based on previous studies of the role of STUDL proteins in HR repair, ubiquitination might
promote proteasome-mediated degradation of components that block HR progression [37-
41], or the activation of these components to continue repair [42]. The SUMO-peptidase
Ulpl (Ubiquitin-like-specific protease 1) is also enriched at nuclear pores, potentially
providing an alternative pathway for removal of the block [43-45]. Finally, Dgrn and
dRad60 likely contribute to ‘docking’ DSBs at the nuclear periphery viatheir direct
interaction with the Smc5/6 complex after DSB relocalization [25]. Understanding the
role(s) of STUbL-RENI proteins, the potential involvement of SUMO-proteases, and the
interplay between these proteins and other repair and nuclear periphery components, remain
important open questions in the field.

Notably, ‘safe’ HR progression at the nuclear periphery requires the presence of donor
sequences, suggesting that homologous templates relocalize together with the broken site to
the nuclear periphery. While the mechanisms that maintain an association between damage
sites and their templates are still unknown, they might include cohesins [46—49] and proteins
required for mitotic pairing of homologous chromosomes in flies [50, 51]. Accordingly,
both homologous chromosomes and sister chromatids are used as templates for HR repair of
Drosophila heterochromatin, although with a preference for the sister chromatid [27].

Loss of anchoring at the nuclear periphery leads to DSBs that explore more space in the
nucleus and eventually return inside the heterochromatin domain without completing repair
[25]. While there is risk for ectopic recombination associated with resected DSBs, defective
anchoring is not sufficient to induce Rad51 recruitment inside the heterochromatin domain
or aberrant recombination between heterochromatic sequences in the short-term [25]. This is
likely because the Nse2 and dPIAS-dependent protection of the domain is still functional in
the absence of anchoring components [12, 25, 28]. However, repair defects resulting from
defective anchoring have dramatic consequences for the cells, leading to radiation
sensitivity, accumulation of micronuclei, changes in the number of satellites, and
widespread chromosome rearrangements [25]. Micronuclei likely result from extra
chromosomal circles or acentric chromosome fragments [1, 23, 52], while changes in
satellite numbers might be a consequence of intra-chromosomal recombination [1].
Chromosomal abnormalities are mostly characterized by centromere fusions and loss of
entire chromosomes and arms, as expected for heterochromatin repair defects [24, 25].
Together, these phenotypes are a consequence of inaccurate or lack of repair at
heterochromatic sequences, revealing the importance of the relocalization pathway in the
completion of faithful heterochromatin repair and genome integrity.

Nuclear architecture and dynamics participate in HR repair of other

repetitive sequences

In addition to regulating heterochromatin repair, nuclear architecture and dynamics play
essential roles in repair and stability of other types of repeated sequences, as revealed by
numerous studies from yeast to mammalian cells in the past decade (see [53-58] for other
recent reviews on this topic). Understanding the differences and similarities across different
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damage sites and model systems, and the regulatory mechanisms involved in various
contexts, is an exciting new frontier in the genome stability field.

Three major types of dynamics have been identified during HR repair. First, mobilization of
repair sites is a common response during inter-homolog recombination [59-61], and likely
reflects the exploration of the nuclear space during “homology search’ (reviewed in [62]).
Second, undamaged chromatin also becomes overall more dynamic, albeit to a lesser extent
compared to damaged sites [60, 63—65]. This might be the result of a global relaxation of the
chromatin [66, 67], a phenomenon possibly linked to heterochromatin expansion [12, 14,
32] and that might facilitate chromatin accessibility to repair components as well as DSB
relocalization. Third, repair sites relocalize to specific subnuclear compartments when the
lesion occurs in DNA regions that are intrinsically difficult to repair such as at repeated
sequences [2, 12, 14, 25, 28, 68-70], collapsed forks [37, 69], eroded telomeres [45, 71],
subtelomeric regions [72, 73], or persistent/unrepairable DSBs (e.g., in the absence of a
donor sequence for HR repair) [37, 72, 74-78] (Figure 3). In these contexts, relocalization
might be required to avoid aberrant recombination with ectopic repeated sequences [12, 25,
68, 69] and/or promote alternative repair pathways when repair is stalled [37, 45, 71, 75, 76,
78] (recently reviewed in [53, 54]).

The molecular mechanisms required for heterochromatin repair share striking similarities
with those responding to DSBs in regions that are difficult to repair (Figure 3, Table 1). For
example, pioneering studies in yeast revealed that DSBs in ribosomal DNA (rDNA) repeats
move to outside the nucleoli to complete HR repair, and this requires both Smc5/6 and
SUMOylation by Siz2 (a dPIAS homologue) [68]. Given the abundance of repeated
sequences, rDNA presents similar repair challenges as pericentromeric heterochromatin in
multicellular eukaryotes. Further, yeast ‘unrepairable’ DSBs move to nuclear pores or the
SUN-family INMP Mps3 (a Koi and Spag4 homolog) [37, 74—78]. This relocalization relies
on the STUbL-RENI proteins SIx5/8-Esc2, Smc5/6, and SUMOQylation by Nse2 and Siz2
[37, 74, 75, 78]. Yeast eroded telomeres and expanded CAG repeats prone to fork collapse
also relocalize to nuclear pores in a STUbL- and SUMOylation-dependent manner [45, 69,
71]. Interestingly, eroded telomeres and damaged CAG repeats do not seem to rely on Mps3
for repair [45, 69], suggesting that different nuclear periphery sites are specialized for
dealing with distinct types of damage and/or DNA sequences. The similarity between these
relocalization pathways identified in yeast and those participating in Drosophila
heterochromatin repair is particularly surprising, given that budding yeast lacks
pericentromeric heterochromatin and the ‘silent’ histone marks and associated proteins
required to relocalize heterochromatic DSBs [12]. However, the existence of these
mechanisms in yeast suggests that they originated early in the evolution, and they have
evolved to deal with the complexity of repairing the long stretches of highly repeated
sequences that characterize the pericentromeric regions of multicellular eukaryotes.

While DSBs in different repeated DNA sequences typically move to a new nuclear location
to continue repair, the final destination of this movement might not always be the nuclear
periphery. DSBs induced in mouse heterochromatin with ion irradiation or Cas9 seem to
move for a relatively short distance, reaching the periphery of the chromocenters before
recruiting Rad51 [14, 33] (Figure 2). Similarly, rDNA of yeast and mammalian cells seem to

Trends Genet. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amaral et al.

Page 7

remain proximal to the nucleolus during HR progression [68, 70] (Figure 3). Whether these
sites also associate (even if only transiently) with the nuclear periphery has not been
investigated. Live imaging and tracking of repair foci will be necessary to establish whether
association with the nuclear periphery occurs, and/or whether alternative subnuclear
structures provide anchoring functions.

For example, PML (promyelocytic leukemia) bodies have been proposed as alternative
subnuclear domains regulating HR progression in mammalian cells [79] (Figure 3).
Specifically, in human ALT cells the alternative HR repair pathway required for telomere
elongation occurs after relocalization of telomeres to ALT-associated PML bodies (APBs)
and requires Smcb/6 and SUMOylation of telomeric proteins by Nse2 [80]. Given the
similarity between this regulation and the mechanisms of targeting to the nuclear periphery,
it has been proposed that PML bodies provide functional environments for repair similar to
those available at nuclear pores and INMPs in yeast and Drosophila [79]. Alternative sites
for HR repair might be particularly important to limit the distance traveled and the
possibility of ectopic recombination and translocation [81] in large nuclei, like in
mammalian cells, but more studies are required to test these hypotheses.

Together, these studies revealed a critical role for nuclear dynamics and nuclear architecture
in DSB repair of repeated DNA sequences that are at high risk for aberrant recombination.
Conversely, DSBs in single-copy sequences repaired by NHEJ or HR with the sister
chromatid do not seem to undergo long-range movements [37, 82]. Also, NHEJ in
heterochromatic repeated sequences does not trigger relocalization in mouse cells [14].
However, a dynamic response has been suggested during heterochromatin repair by NHEJ in
Drosophila tissues [27], and more studies are required to understand these potential
differences. Determining how different signaling mechanisms direct repair sites to distinct
sub-nuclear domains in order to promote ‘safe’ or ‘alternative’ repair pathways, and how
they selectively target some DSBs but not others, are central questions in the fields of DNA
repair and nuclear dynamics.

Signaling pathways and mechanisms responsible for relocalization of

heterochromatic DSBs and other repetitive sequences

SUMOylation is likely a major signal responsible for targeting repair sites to the nuclear
periphery, for both heterochromatic DSBs in Drosophila [12, 25, 28], and lesions in DNA
regions that are intrinsically difficult to repair in yeast [37, 45, 68, 69, 74, 75, 78] (Figure 3).
Interestingly, artificial tethering of polySUMO tails or the STUbL SIx5 to undamaged
chromatin in yeast is sufficient to induce the relocalization of these sites to nuclear pores
[78], suggesting the tantalizing possibility that STUbL recruitment to polySUMOylated
proteins is a universal signal for initiating long-range movements.

Elegant work in yeast also revealed a major influence of the cell cycle on SUMOylation and
the type of anchoring site utilized at the nuclear periphery. In G1 or S/G2 cells, persistent
DSBs are poly-SUMOylated by the coordinated action of Nse2 and Siz2 and targeted to
nuclear pores through the STUbL SIx5/8 [78]. In S/G2, however, mono-SUMOQylation by
Smc5/6-Nse2 is sufficient to target damage sites to the nuclear periphery, and relocalization
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preferentially ends at the SUN domain protein Mps3 [78]. Chromatin remodelers also affect
the final destination of the movement, with Ino80 and Swrl preferentially targeting DSBs to
Mps3 and nuclear pores, respectively [76]. While the mechanisms responsible for these
differences are still under investigation, these results reveal distinct targeting mechanisms for
different nuclear periphery sites, and the surprising influence of the cell cycle phase on the
extent of SUMOylation, chromatin remodelers involved, and the destination of the
movement (reviewed in [56]). The significance of this differential targeting might relate to
the availability of different repair pathways at distinct nuclear periphery sites to recover
lesions that are difficult to repair, depending on whether the sister chromatid is available or
not. In fact, at least in yeast, targeting to SUN domain proteins protects from recombination,
while targeting to nuclear pores facilitates HR progression [75, 76]. More studies are
required to understand how common the cell-cycle-dependent regulation is in different
organisms, and the extent to which the cell cycle, chromatin remodelers, and nuclear
periphery anchoring influence heterochromatin repair. The presence of two Nse2 and two
Mps3 paralogs in Drosophila potentially adds additional levels of regulation to the system
[25, 28], and unraveling these pathways is another exciting challenge for future studies.

A central question is what proteins are targeted by SUMOylation to trigger relocalization,
and important studies in yeast and human ALT cells have identified at least some of these
regulators (Figure 3). Relocalization and repair of damaged rDNA and expanded CAG
repeats depends on Rad52 SUMOylation [68, 69], while H2AZ SUMOylation participates in
targeting persistent DSBs to nuclear pores [74, 76]. Relocalization of eroded telomeres to
the nuclear pore relies on SUMOylation of telomeric components and RPA [45, 80].
Because a large number of proteins are SUMOylated during the DNA damage response (see
for example [36, 83-85]), it is likely that more than one component contributes to signaling
DSBs for relocalization, and an interesting possibility is that different targets are specialized
for distinct damage sites and relocalization destinations. Further, given that SUMOylation is
a common response during DSB repair, a threshold of SUMOylation might also need to be
reached to trigger relocalization, perhaps as a result of persistent signaling at DSBs that are
difficult to repair. What components are targeted for the spatial and temporal regulation of
heterochromatin repair is still a major unanswered question, but possible targets include
histones [74, 76, 86], RPA (Replication protein A) [38, 45, 87, 88], Mdc1/Muz2 [38], Smc5/6
subunits [36, 83], BIm (Bloom syndrome protein) [89, 90], and other repair [36, 69, 83, 84]
and chromatin [41, 91] components.

Other regulatory mechanisms participating in the mobilization of DSBs include checkpoint
kinases [11, 12, 91], resection proteins [12, 14], and strand invasion components [12]. In
addition to being required for relocalizing different types of DSBs to the nuclear periphery
[37, 45, 74], checkpoint kinases also contribute to the movement of repair sites during inter-
homologous HR repair [59, 60], and the global increase in chromatin mobility [64] in yeast.
These functions are mediated, at least in part, by chromatin remodelers [64, 76, 92].
Similarly, resection and strand invasion proteins participate in repair dynamics in different
contexts [59, 60, 69, 74-76]. Thus, these pathways likely provide signals or means for DSB
mobilization regardless of the purpose and the final destination of the movement.
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In agreement with this idea, Drosophila checkpoint kinases ATM (Ataxia telangiectasia
mutated) and ATR (ataxia telangiectasia and Rad3-related) are required for both global
heterochromatin expansion and relocalization of DSBs [12]. Heterochromatin expansion
likely reflects a relaxation of the chromatin and contributes to relocalization by enabling
more exploration of the nuclear space before nuclear periphery anchoring. Accordingly, the
peak of heterochromatin expansion corresponds to the time when most relocalization occurs
[12], and RNAI depletion of components required for expansion also affects DSB
relocalization [12]. However, notably, we identified conditions that impair relocalization of
heterochromatic DSBs without affecting global heterochromatin expansion (i.e., Nse2/Qjt
RNAI [28]), revealing that global chromatin expansion is not sufficient to induce
relocalization of heterochromatic DSBs.

In heterochromatin, checkpoint kinases might also be required to loosen the chromatin
locally by reducing the association of silencing components with repair sites and facilitating
repair progression or the ‘looping’ of damaged sites to outside of the domain. Accordingly,
mouse ATM phosphorylates the HP1-interacting protein Kapl (KRAB-associated protein-1),
thus reducing the strength of Kap1 interaction with damaged heterochromatin, and
promoting the release of the chromatin modifier Chd3 (Chromodomain Helicase DNA
binding protein 3), chromatin relaxation, and heterochromatin repair [11, 91]. Checkpoint
kinases also regulate chromatin relaxation in heterochromatin through the recruitment of
ISWI-class chromatin remodelers [93]. Interestingly, HP1p is targeted by Casein Kinase to
facilitate HP1p release from damage sites, suggesting redundant targets and effectors in this
response [32]. However, whether these chromatin changes contribute to mobilizing
heterochromatic DSBs or are required for other repair steps is still unclear. The local
reduction of HP1a signals at heterochromatic repair sites occurs after relocalization in
Drosophila cells, suggesting that changes to the local heterochromatin structure have late
functions in repair (e.g., during Rad51 recruitment or strand invasion) [12]. In agreement
with this idea, blocking Kapl phosphorylation in mouse cells impairs heterochromatin repair
but does not affect the relocalization of heterochromatic DSBs [14].

It has been suggested that resection of heterochromatic DSBs might contribute to triggering
relocalization, such as via RPA recruitment and SUMOylation [12, 14], while strand
invasion components (e.g., Brca2, Rad51 and Rad54) ‘trap’ repair sites outside the
heterochromatin domain after relocalization. However, more studies are needed to determine
how checkpoint components, resection proteins, chromatin remodelers and strand invasion
proteins contribute to heterochromatin repair dynamics, and the potential role of local
chromatin changes in the spatial and temporal regulation of heterochromatin repair.

Finally, a major open question in the field is whether the movements of repair sites are
driven by motor proteins or rely on increased exploration of the nucleus via Brownian
motion followed by anchoring to nuclear structures. Homology search during HR with the
homologous chromosome in yeast is largely characterized by constrained Brownian motion
[59, 60]. However, surprisingly, Rad51-dependent homology search during ALT repair of
telomeres displays rapid directional movements [61], suggesting active forces are involved.
Intriguingly, the movement of DSBs and unprotected telomeres in mouse cells is dependent
on microtubules and SUN/KASH proteins of the LINC complex spanning the nuclear
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envelope [65]. While these movements have been mostly correlated with pathological NHEJ
events [65], the LINC complex also facilitates the dynamics and HR repair of persistent
DSBs in S. pombe [77], and Kinesin-14 mediates the transient interaction of telomeric
DSBs with the nuclear pores for break-induced replication (BIR) in S. cerevisiae [73],
suggesting broader functions of microtubule-driven motions in DSB repair. Understanding
how commonly those forces contribute to directional movements of repair sites and whether
similar activities participate in heterochromatin repair dynamics, is another exciting
direction for future studies.

Heterochromatin instability in human disease

One of the main discoveries of studies so far is that silencing components, Smc5/6 and
SUMOylation are essential for preventing aberrant recombination among repeated
sequences [12, 23-25, 28], while promoting faithful HR repair of DSBs in heterochromatin
[11, 12, 25]. Nuclear architecture components also play central roles in heterochromatin
stability, by enabling the completion of heterochromatic repair in a ‘safe’ environment that
averts aberrant recombination and chromosome rearrangements [25].

Strikingly, desilencing of heterochromatic repeats is a common response during early
tumorigenesis [94, 95], and HP1 is frequently deregulated in cancer cells [96-98],
suggesting heterochromatin de-silencing as a major trigger for aberrant recombination and
cancer progression. Consistent with this idea, mouse mutants in heterochromatin silencing
components and in the SUMO E3 ligase Nse2 display high cancer incidence [99, 100], and
defective heterochromatin repair has been implicated in the cancer-prone syndrome Ataxia-
telangiectasia [11]. Further, BRCAL (breast cancer 1) is required for maintaining
heterochromatin silencing, suggesting heterochromatin deprotection as a source of genome
instability in breast cancer [95]. Nuclear pore components are also frequently deregulated in
cancer cells [101], further strengthening the idea that heterochromatin repair dysfunction
contributes to cancer progression (see [101-103] for recent reviews on this topic).

Dramatic changes in heterochromatin structure and organization are also typically observed
during aging (reviewed in [104, 105]). Pericentromeric heterochromatin loses both
H3K9me3 and HP1 proteins in older flies and human cells, leading to the abnormal
expression of satellite sequences [106-108]. This is potentially linked to an overall reduction
of silencing components in older cells and/or their sequestration in genomic region that
acquire heterochromatin-like structure, such as the senescence-associated heterochromatin
foci (SAHF) observed in human cell cultures [105, 109]. Loss of pericentric heterochromatin
silencing is potentially a driving force for age-dependent genome instability and cell
lethality. Accordingly, cells from older individuals or progeria patients are characterized by
loss of heterochromatin marks and higher levels of DNA damage [106, 107]; human cell
models of the premature aging Werner Syndrome display the loss of silencing marks in
heterochromatin [110]; and mutation of heterochromatin silencing components reduces the
lifespan in flies [24, 108]. Defective HR repair in older organisms might further aggravate
the consequences of losing heterochromatin protection [111-114]. Interestingly, moderate
overexpression of HP1a in flies results in lifespan extension [108], suggesting HP1a loss in
older animals as a critical factor in aging. However, more studies are required to establish
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whether HP1a deregulation contributes to aging by affecting heterochromatin repair.
Deregulation of nuclear pores during physiological aging provides other potential sources of
heterochromatin repair defects [115].

Finally, loss of heterochromatin silencing and de-repression of satellite sequences has been
suggested as a source of neurodegeneration in tauopathies such as Alzheimer’s disease
[116]. Whether these aging-related disorders depend on heterochromatin repair defects is
also unknown. Understanding the role of silencing and nuclear architecture in
heterochromatin repair is essential for understanding how deregulation of these pathways
contributes to cancer and other aging-related diseases, including neurological disorders.

Concluding Remarks

This is an exciting time for heterochromatin repair. The tools are now in place for in-depth
characterization of the molecular mechanisms involved, including the role of nuclear
architecture and dynamics in repair and maintenance of heterochromatic repeated sequences.
The emerging picture is that relocalization of DSBs away from the heterochromatin domain
before strand invasion enables safe HR repair of heterochromatic DNA sequences. This
likely facilitates the interaction of resected filaments with homologous chromosomes or
sister chromatids relocalized in concert with the lesion, while at the same time preventing
strand invasion of ectopic sequences associated with other pericentromeric regions inside the
heterochromatin domain. SUMOylation is central to this pathway, given that it regulates
repair progression in coordination with relocalization, guaranteeing that strand invasion only
occurs after relocalization. Other central components required for this mechanism to work
include the STUbL-RENI proteins, and anchoring structures at the nuclear periphery. More
studies are required to establish the conservation of these pathways across different
organisms and cell types, the influence of cell cycle phases, the SUMOylation targets, the
pathways for repair restart at the nuclear periphery, the forces responsible for relocalization,
and the chromatin changes responsible for these dynamics. Identifying the molecular
mechanisms involved in this complex pathway is a necessary step to determine how
deregulation of these responses contributes to cancer, aging, and aging-related human
disorders, potentially revolutionizing approaches to disease prevention and treatments (See
Outstanding Questions Box).

Outstanding Questions Box

. What mechanisms facilitate early repair steps inside the heterochromatin
domain?

. What proteins are SUMOylated to halt HR progression and promote the
relocalization of heterochromatic DSBs to the nuclear periphery?

. How do SUMO-targeted ubiquitin ligases and SUMO proteases contribute to
heterochromatin repair progression at the nuclear periphery?

. What regulates the balance between HR and NHEJ pathways in
heterochromatin?
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How does the cell cycle influence heterochromatin repair dynamics and repair
pathway choices?

Is relocalization of heterochromatic DSBs driven by active forces or
Brownian motion followed by anchoring structures?

How do checkpoint kinases, resection components, and strand invasion
proteins contribute to heterochromatin repair dynamics?

How do local and global chromatin changes contribute to heterochromatin
repair?

What mechanisms regulate anchoring to nuclear pores versus INMPs, and do
these different locations impact the outcomes of heterochromatin repair?

Is heterochromatin repair completed at the nuclear periphery or are DSBs
released from the periphery after strand invasion?

Does heterochromatin repair continue at the nuclear periphery in all
organisms, or are alternative anchoring structures used in different organisms?

How is the heterochromatin nuclear structure and epigenetic composition
reestablished after repair completion?

What human diseases are specifically driven by heterochromatin repair
defects?
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human cells that use the recombination-dependent ALT (alternative lengthening of telomere)
pathway to extend telomere length in the absence of telomerase.

BIR (break-induced replication)
HR pathway that repairs DSBs when homology is restricted to one end. It establishes a
unidirectional replication fork that copies the donor template until the chromosome end.

sister chromatid pairing maintained by cohesins.

Collapsed forks
replication fork that lost the ability to replicate the DNA, for example as a result of
replisome dissociation or DSB formation at stalled fork.

Chromocenter
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a cluster of pericentromeric heterochromatin from different chromosomes visible as DAPI-
bright region during interphase in mouse cells.

Extra-chromosomal circles
circular DNA fragments stably maintained in the cells and largely derived from
intrachromosomal homologous recombination among tandem repeated sequences.

Euchromatin
generally used to indicate the gene-rich portion of the genome frequently enriched for active
histone marks.

GC (gene conversion)
most common pathway responsible for HR repair, in which both ends of the break interact
with homologous templates for repair synthesis.

Heterochromatin

generally used to indicate the gene-poor portion of the genome that remain condensed in
interphase and is largely composed of high levels of repeated DNA sequences and ‘silent’
histone marks.

Heterochromatin expansion
~20% increase in volume occupied by the heterochromatin domain (in Drosophila) and
chromocenter (in mouse cells) during the DSB response.

Homologous mitotic (somatic) pairing
pairing between homologous chromosomes in interphase of mitotic cells, commonly
observed in Drosophila.

Inner nuclear membrane proteins
transmembrane proteins embedded in the internal membrane of the nuclear envelope.

KASH protein
outer nuclear membrane component of a LINC complex characterized by a KASH
(Klarsicht, ANC-1, Syne Homology) protein domain.

Kinesins
motor proteins required for molecule and organelle transport along microtubules.

Ku80
subunit of the ku70/80 complex involved in NHEJ repair of DSBs.

LINC complex
complex formed by the interaction of SUN and KASH family proteins at the nuclear
envelope, which can transfer forces from the cytoskeleton to the nuclear interior.

Micronuclei
small nuclei that form when a chromosome or a chromosome fragment is not incorporated in
the main nucleus during cell division, usually resulting from genome instability.
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MMEJ (microhomology-mediated end joining)
alternative NHEJ (Alt-NHEJ) pathway that relies on 5-25 base pair micro-homology to
align the broken ends before re-joining.

NHEJ (non-homologous end joining)
mechanism that repairs DSBs by direct ligation of the broken ends. It is largely homology-
independent.

Nuclear Pore

large multimeric protein complex that forms channels across the nuclear envelope to enable
regulated molecule transport. It also functions as a chromatin anchoring structure for DNA
transcription and repair.

Nucleolus
nuclear domain responsible for ribosome synthesis and assembly, which contains rDNA,
transcribed rRNA, and ribosomal proteins.

Pericentromeric heterochromatin
the largest contiguous stretches of heterochromatin in multi-cellular eukaryotes.
Predominantly made of highly repeated DNA sequences surrounding the centromeres.

PML bodies
nuclear punctate structures containing the protein PML (romyelocytic Leukemia) and other
components, implicated in telomere lengthening and DNA repair in mammalian cells.

rDNA (ribosomal DNA)
~150-200 copies of genes codifying rRNA, repeated in tandem.

Resection
one of the earliest steps of HR repair resulting in the formation of sSDNA at DSB sites to
initiate strand invasion.

Rad51
homologous recombination protein that forms a nucleofilament by coating the sSDNA of
resected DSBs. It mediates homology search and strand invasion.

Rad54
homologous recombination protein that promotes Rad51 dissociation after strand invasion,
facilitating DNA synthesis and HR repair progression.

Satellite DNA
large array of tandemly repeated DNA sequences representing one of the main constituents
of pericentromeric heterochromatin.

SUMOylation
post-translational protein modification that modifies protein function through the covalent
attachment of SUMO (Small Ubiquitin-like Modifier) peptides.
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SUN protein
Inner nuclear membrane component of the LINC complex containing a SUN (Sadlp,
UNC-84) protein domain.

Telomere erosion

progressive shortening of telomeres occurring as a result of DNA replication cycles. In the
absence of telomerase or alternative lengthening processes, telomere erosion eventually
triggers a damage response.

Taupathies
neurodegenerative diseases (e.g., Alzheimer’s disease and Huntington’s disease),
characterized by the pathological aggregation of tau protein in the human brain.
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Trends Box

Heterochromatic DSB repair is spatially and temporally regulated by
SUMOylation and SUMO-targeted ubiquitin ligases (STUbLS).

DSBs leave the heterochromatin domain before recruiting Rad51 and
continuing HR repair in Drosophila and mouse cells, revealing conserved
repair pathways.

SUMOylation blocks HR progression inside the heterochromatin domain,
thus preventing aberrant recombination among repeated sequences on
different chromosomes.

‘Safe’ HR repair of heterochromatic DSBs continues at nuclear pores and
inner nuclear membrane proteins at the nuclear periphery in Drosophila cells.

The mechanisms regulating heterochromatin repair in space and time show
striking similarities with pathways available in yeast to deal with other DSBs
that are difficult to repair, including in rDNA, collapsed forks, and eroded
telomeres.

Heterochromatin instability is emerging as a potential driving force for
tumorigenesis and other aging-related human disorders.
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Figure 1 (Key Figure). Model for the pathway that relocalizes heterochromatic DSBs to the
nuclear periphery for continuing recombinational repair

A) Schematic view of Drosophila chromosomes showing the position and extension of
pericentromeric heterochromatin (adapted from [29]). Cellular (B) and molecular (C) views
show that when DSBs form in Drosophila heterochromatin (in yellow), early damage
responses efficiently occur inside the domain. These likely include DSB detection,
checkpoint activation, resection, and the recruitment of Smc5/6 and SUMO E3 ligases (/.¢€.,
NseZQjt, Nse2/Cerv and dPIAS). SUMOylation of unknown targets blocks HR progression
and ectopic recombination. SUMOQylated proteins also recruit the STUbL protein Dgrn, and
this might be sufficient to induce the relocalization to nuclear pores and INMPs at the
nuclear periphery. The RENi protein dRad60 associates with STUbL at the nuclear
periphery, promoting STUbL-mediated ubiquitination of SUMOylated targets, removal of
the block to HR progression, Rad51 recruitment, and ‘safe’ HR repair. This removal of the
block might rely on proteasome-mediated degradation of ubiquitinated target (as shown).
Alternatively, these targets might become active after ubiquitination or de-SUMOylation
(not shown). This model also predicts that sister chromatids or homologous chromosomes
(black line) relocalize in concert with the damaged site to provide homologous templates for
repair completion.
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Figure 2. Comparison between Drosophila and mouse heterochromatin repair pathways
In both Drosophila and mouse cells, DSBs leave the heterochromatin domain during HR

repair. Resection and the Smc5/6 complex are required for relocalization, and Rad51 is
recruited after relocalization. Strand invasion components (including Rad51) mediate
relocalization likely by stabilizing repair sites outside the heterochromatin domain. Mouse
Smc5/6 also blocks NHEJ inside the domain. Heterochromatin expansion occurs during
relocalization in both systems (not shown), potentially contributing to DSB signaling and
repair and/or dynamics. In Drosophila cells, but not in mouse cells, Smc5/6 and HP1a are
sufficient to block HR progression inside the heterochromatin domain, thus preventing
ectopic recombination between heterochromatic sequences. Further, NHEJ] is available as an
alternative pathway for heterochromatin repair in G1; this pathway occurs without
relocalization in mouse cells, but might require relocalization in Drosophila cells. Finally,
Drosophila heterochromatic DSBs relocalize to the nuclear periphery to continue repair,
while the final destination of this movement in mouse cells is still unclear. Whether STUbL
and RENI proteins participate in heterochromatin repair in mouse cells is also unknown.
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Figure 3. Overview of relocalization pathways and signaling mechanisms
The models show the molecular mechanisms responsible for relocalizing DSBs to sub-

nuclear domains to continue repair, including the current understanding of the final
destination of these movements, regulatory components of the SUMOylation pathway
involved (black, bold), and repair outcomes (blue, italics). The potential role of
SUMOylation/relocalization in genome stability is also shown (black, italics). Light blue
circles indicate Rad51 recruitment and strand invasion. Question marks point to some of the
questions highlighted in the main text. Whether SUMOylation contributes to the spatial and
temporal regulation of rDNA repair in human cells is still unclear. GC: Gene conversion.
BIR: Break-induced replication. MMEJ: Microhomology-mediated end joining.
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Main repair components responsible for heterochromatin repair in Drosophila with

Table 1

corresponding homologous proteins in S. cerevisiae and mammalian cells

See text for details.

Function in DSB repair S.cerevisiae D. melanogaster Mammals
Heterochromatin-associated protein - HP1a/Su(var)205 HPla, HP1B, HP1y
H3K9me2/3 methyltransferases - Su(var)3-9 Suv39H1, Suv39H2
SetDB1/Egg SetDB1, SetDB2
Smc subunits of the Smc5/6 complex Smc5/6 Smc5/6 Smc5/6
E3 SUMO ligase of the Smc5/6 complex Mms21 Qjt, Cerv Nse2
PIAS-family E3 SUMO ligases Sizl, Siz2 dPIAS/Su(var)2-10 PIAS1, PIAS2
PIAS3, PIAS4

SUMO-targeted Ub ligase (STUbL) SIx5/8 Dgrn Rnf4
REN:i protein Esc2 dRad60 Nip45
DSB anchoring sub-component of the nuclear pore complex Nup84 Nup107 Nup107
SUN-family inner nuclear membrane ‘anchoring’ proteins Mps3 Koi, Spag4 Sun1-3, Sun5, Spag4
Checkpoint kinases Mecl ATR/Mei-41 ATR

Tell ATM/Tefu ATM
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