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SUMMARY
Double-strand breaks (DSBs) in heterochromatic repetitive DNAs pose significant threats to
genome integrity, but information about how such lesions are processed and repaired is sparse. We
observe dramatic expansion and dynamic protrusions of the heterochromatin domain in response
to ionizing radiation (IR) in Drosophila cells. We also find that heterochromatic DSBs are repaired
by homologous recombination (HR) but with striking differences from euchromatin. Proteins
involved in early HR events (resection) are rapidly recruited to DSBs within heterochromatin. In
contrast, Rad51, which mediates strand invasion, only associates with DSBs that relocalize outside
of the domain. Hetero-chromatin expansion and relocalization of foci require checkpoint and
resection proteins. Finally, the Smc5/6 complex is enriched in heterochromatin and is required to
exclude Rad51 from the domain and prevent abnormal recombination. We propose that the spatial
and temporal control of DSB repair in heterochromatin safeguards genome stability by preventing
aberrant exchanges between repeats.

INTRODUCTION
Double-strand breaks (DSBs) are efficiently repaired by two major pathways, HR
(homologous recombination) and NHEJ (nonhomologous end-joining). In HR repair,
resection of DSBs generates single-stranded DNA (ssDNA) ends that invade homologous
sequences, which serve as templates for DNA synthesis and repair. Repair of single-copy
sequences through HR is normally error free because a unique homologous sequence is
present on the donor sister chromatid or homolog. NHEJ, by contrast, is intrinsically
mutagenic because it simply joins broken ends without restoring any missing sequence.

Heterochromatin, a specialized domain enriched for highly repetitive sequences, represents a
specific challenge for DSB repair. This cytologically distinct region of the nucleus
comprises about 30% of fly and human genomes (Hoskins et al., 2007; Lander et al., 2001).
The large number of repeated sequences in heterochromatin and their close proximity within
nuclei exacerbate the risk for genome rearrangements in the presence of DSBs, particularly
during HR repair. Recombination among repetitive sequences results in loss or duplication
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of information (Peng and Karpen, 2008). Recombination between identical repeats on
nonhomologous chromosomes produces dicentric and acentric chromosomes that are known
to contribute to human diseases such as cancer and infertility (Pearson et al., 2005). NHEJ
repair of a DSB in repetitive DNA is potentially less problematic because small deletions or
mutations do not affect the function of tandem repeats as severely as genes. Thus, two
unresolved issues are whether DSBs in heterochromatin are repaired by NHEJ or HR and
how repair occurs without threatening the stability of the genome.

Heterochromatin in S. pombe, flies, and mammals is characterized by enrichment of specific
histone modifications (e.g., H3K9me2 and H3K9me3) and associated proteins, such as
heterochromatin protein 1a (HP1a) and the histone methyltransferase (HMTase) Su(var)3–9
(Grewal and Jia, 2007). Chromatin composition and regulation are integral to many aspects
of the DSB response (Downs et al., 2007), and heterochromatin components and structure
help to maintain repeat stability (Peng and Karpen, 2008). For example, the absence of
Su(var) 3–9 results in the accumulation of DSBs in heterochromatin, formation of
extrachromosomal circular repeated DNAs, translocations, and loss of heterozygosity (Peng
and Karpen, 2007, 2009).

How heterochromatin components promote genome stability and whether they regulate DSB
repair have not been determined, but current evidence suggests three possible mechanisms.
First, compaction or chromatin composition could make heterochromatin intrinsically less
responsive to DSB formation or processing (Kim et al., 2007). DSBs produced by ionizing
radiation (IR) in mammalian cells are detected at lower frequencies and are resolved with
slower kinetics in heterochromatin (Cowell et al., 2007; Goodarzi et al., 2008), and
delocalization of HP1β and Kap1 (binding partner for HP1) seem to facilitate repair (Ayoub
et al., 2008; Goodarzi et al., 2008). Second, heterochromatin components could repress HR
and promote less-damaging repair processes, similar to suppression of reciprocal
recombination in pericentric heterochromatin during meiosis, which requires
heterochromatin components (Westphal and Reuter, 2002). Third, HR repair could occur in
heterochromatin, but aberrant recombination is prevented by specific mechanisms, as
suggested by studies in S. cerevisiae (Torres-Rosell et al., 2007).

Here, we show that IR-induced DSBs are efficiently formed and processed in Drosophila
heterochromatin and that their repair is, surprisingly, dependent on HR. We demonstrate that
heterochromatin responds dynamically to IR: proteins involved in early stages of HR are
quickly recruited to DSBs and promote expansion of the domain, and repair sites display a
dramatic relocalization to outside heterochromatin, where they first recruit a protein (Rad51)
required for strand invasion and completion of HR repair. In addition, we identify the
Smc5/6 complex as a new heterochromatin component that serves as a key regulator of HR
repair in time and space. These results provide new insights into the dynamics of
heterochromatic DSB processing and repair and suggest a mechanism for limiting the risk
associated with HR repair of repetitive sequences.

RESULTS
DSBs Rapidly Disappear from Heterochromatin and Are Not Associated with Rad51 Foci

In Drosophila, the DAPI-bright heterochromatin is organized as a distinct nuclear domain
(Figure S1 available online) that is enriched for the canonical heterochromatin markers
histone H3K9me2, H3K9me3, and HP1a (Eissenberg and Reuter, 2009). In contrast, marks
associated with gene expression (e.g., H3K4me2 and me3) are excluded from the
heterochromatin domain. This striking three-dimensional (3D) separation is maintained
throughout the cell cycle (Figures S1D and S1E).
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An early marker for DSB formation is a phosphoepitope that appears on histone variant
H2Av (H2AX in mammals), which is catalyzed by the ATM and ATR checkpoint kinases
and contributes to checkpoint signaling and repair (Downs et al., 2007). Previous studies in
mouse cells showed that γH2AX foci are mostly excluded from the heterochromatic
chromocenters (DAPI-bright regions) at > 30 min after IR (Cowell et al., 2007), suggesting
that DSBs are not formed or processed in hetero-chromatin. However, it is also possible that
repair foci form in heterochromatin at earlier time points and are either quickly repaired or
moved outside of the domain.

Therefore, we performed a kinetic analysis of the DSB response in heterochromatin, using
Kc tissue culture cells fixed at different time points after IR. TUNEL analysis reveals DNA
damage in DAPI-bright in most cells at 10 min after IR (Figure S2A), demonstrating that
heterochromatin is not refractory to IR-induced damage. However, at 30 min after IR, only
10% of the cells display TUNEL signals in DAPI-bright, when they are still abundant in
DAPI-weak regions. Immunofluorescence (IF) analysis and quantitation show that the
frequencies of γH2Av and Rad51 (a marker of HR repair) foci peak at 30 min (γH2Av) or
60 min (Rad51) after IR in DAPI-weak euchromatin (Figures 1A and 1B), as observed in
mammalian cells (Costes et al., 2009). At later time points, foci frequencies steadily
decrease (Figure 1B), which likely reflects ongoing repair. In contrast, the frequencies of
γH2Av foci in DAPI-bright hetero-chromatin peak at 10 min after IR and then drop sharply
(Figure 1B). Notably, Rad51 foci are rarely observed in DAPI-bright, whereas in DAPI-
weak, about half of the γH2Av foci are associated with Rad51 foci (Figure 1B). Similar
kinetics are observed in S2 cells (data not shown).

We conclude that: (1) DSB formation and processing do occur in heterochromatin soon after
damage is induced, (2) DSBs and γH2Av foci rapidly disappear from heterochromatin,
suggesting that heterochromatic DSBs are either repaired quickly or relocate elsewhere for
repair, and (3) Rad51 foci are rarely observed in heterochromatin throughout the time
course.

Heterochromatic DSB Repair Requires the HR Pathway and Is Associated with Early HR
Repair Components

Repair by NHEJ would be consistent with the absence of Rad51 foci and the faster kinetics
of DSB removal in the heterochromatin domain. To determine which repair pathway is
involved, we analyzed the effect of NHEJ or HR inactivation on foci kinetics. Importantly,
Kc cells are predominantly in S and G2 phases of the cell cycle (Figures S1A–S1D), when
both pathways are functional (Huertas, 2010). In DAPI-weak regions, depleting proteins
required for NHEJ (Ku70 and Ku80) or HR (Rad51 or Rad54) results in persistent γH2Av
foci after IR (Figure 1C and Figure S2D), confirming the involvement of both pathways in
repairing euchromatic DSBs in Kc cells. However, Ku70/80 depletion has no effect on
γH2Av or Rad51 foci kinetics in DAPI-bright (Figure S2D), suggesting that NHEJ is not
required for DSB repair in heterochromatin. In contrast, depletion of either Rad51 or Rad54
results in persistent γH2Av foci in DAPI-bright (Figure 1C and Figure S2E), reflecting
unrepaired DSBs (γH2Av foci overlapping with TUNEL signals) (Figure S2E). We
conclude that the fast disappearance of DSBs from Drosophila heterochromatin
predominantly depends on the HR pathway.

The requirement for HR is surprising, given the lack of Rad51 foci in heterochromatin. To
determine whether HR steps that precede Rad51 loading occur in heterochromatin, we
analyzed the kinetics of foci formation of ATRIP, which is recruited to RPA-covered
resected DNA (Zou and Elledge, 2003). ATRIP and Rad51 kinetics are similar in DAPI-
weak regions (compare Figure 1D to Figure 1B). In sharp contrast, ATRIP foci in DAPI-

Chiolo et al. Page 3

Cell. Author manuscript; available in PMC 2012 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bright peak at 10 min after IR and then quickly disappear, similar to γH2Av foci (Figure
1D).

We conclude that early steps in DSB processing for HR repair (resection and ATRIP
loading) occur within heterochromatin, whereas later steps (assembly of Rad51 foci) are
excluded from this domain. This separation of early and late HR events is not observed in
euchromatin, in which ATRIP and Rad51 foci display similar kinetics.

Heterochromatin Rapidly Expands and Becomes Dynamic after IR
One reason why HR in heterochromatin is potentially dangerous is because of the close
proximity of homologous sequences on different chromosomes. Therefore, we explored
whether the organization of this domain changes in response to IR. Time-lapse studies of
cells expressing mCherry-tagged HP1a (mCh-HP1a) show that the HP1a domain is compact
and contiguous prior to IR treatment. However, soon after IR, this domain expands and
becomes fragmented, with rapid extension and retraction of HP1a “fingers” (Figure 2A and
Movie S1). HP1a domain volume increases within minutes after IR (Figure S3A) and peaks
at 20–40 min (1.5-fold compared to before IR) (Figure 2B and Figure S3A). This is followed
by a partial contraction, which is maintained until at least 100 min after IR (Figure 2B and
Figure S3B). Fixed cells display a similar increase in HP1a, H3K9me2, and DAPI-bright
volumes after IR, with no increase in total nuclear volume (Figures S3C and S3D and data
not shown). HP1a expansion was also observed after low dose radiation (1.67 Gy, data not
shown; this dose is equivalent to 10cGy treatment of human cells).

The increased volumes of HP1a and H3K9 methylation could result from spreading of
heterochromatin into euchromatic regions in response to IR, as observed for chromosome
rearrangements that juxtapose euchromatic and heterochromatic sequences (Eissenberg and
Reuter, 2009). Alternatively, the heterochromatic domain could physically expand, in which
case HP1a would still be restricted to heterochromatic sequences. Genome-wide HP1a
ChIP-array analysis shows that HP1a does not become enriched in the euchromatin after IR
(Figure 2C and Figure S3E), demonstrating that the volume of the heterochromatin domain
expands without spreading into euchromatic sequences.

In addition, we used fluorescence in situ hybridization (FISH) analysis to monitor the
locations of the AACAC satellite sequences with respect to DAPI-bright before and after IR.
Quantitative analysis demonstrates that these repeats localize predominantly within or close
to DAPI-bright in untreated controls (Figure 2D and Figure S1F). However, the average
distance between satellite signals and DAPI-bright increases significantly between 10 and 60
min after IR and then decreases by 3 hr (Figure 2D). We conclude that changes in the spatial
distribution of heterochromatic repeated sequences occur in concert with the expansion and
partial contraction of the HP1a domain.

Heterochromatic Repair Foci Relocate Outside of the Heterochromatin Domain
Relocalization of DSBs to outside of heterochromatin to complete HR repair provides one
explanation for the fast disappearance of γH2Av and ATRIP foci, the exclusion of Rad51
foci from heterochromatin, and the requirement for HR repair. To test this hypothesis, we
performed live studies of cells expressing fluorescent-tagged versions of HP1a and
components of the DSB response. Mu2/Mdc1 recruitment to DSBs relies on direct
interactions with γH2Av and is an excellent marker for the early response to DSBs
(Dronamraju and Mason, 2009). To detect later steps in HR repair, we tracked proteins
recruited to RPA-covered resected DNA (ATRIP and TopBP1) and Rad51, which promotes
strand invasion (Su, 2006).
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Time-lapse studies and 3D reconstructions of nuclei revealed that Mu2, ATRIP, and
TopBP1 foci appear within the HP1a domain by 3 min after IR and then move to the HP1a
periphery; by ~30–40 min after IR, most foci are located at the HP1a periphery or outside of
the domain (Figures 3A and 3C, Movie S2, Movie S3, Figures S4A–S4E, and Figure S5A).
Interestingly, ATRIP and TopBP1 foci are more abundant and much brighter within the
HP1a domain at early time points, compared to the euchromatin (Figure 3A and Figure
S4B). ATRIP foci dynamically join and split within the HP1a domain (Figure S5B and
Movie S4) and often split into multiple foci when relocated outside of the HP1a domain
(Figure 3C and Figure S5A). This suggests that the bright ATRIP and TopBP1 foci could
result from early clustering of DSBs in heterochromatin, which separate after relocalization.
Interestingly, assembly of ATRIP and TopBP1 foci occurs with kinetics similar to Mu2 foci
in heterochromatin but is delayed outside of the HP1a domain (Figure 3A and Figures S4A
and S4B), consistent with our observations in fixed cells. Thus, DSB recognition (Mu2 and
γH2Av foci) occurs with the same kinetics in euchromatin and heterochromatin, whereas
subsequent steps (resection or ATRIP/TopBP1 recruitment) are accelerated or enhanced in
heterochromatin.

In contrast, Rad51 foci are rarely observed within the HP1a domain at all time points,
consistent with the analysis of fixed cells (Figure 3B). Instead, they appear at the periphery
of the HP1a domain starting ~30 min after IR (Figure 3B) and move with the ends of the
dynamic HP1a fingers (Figure 3D, Figures S4E and S4F, and Movie S5). The assembly of
Rad51 foci correlates in space and time with relocalization of ATRIP and TopBP1 foci
outside of the HP1a domain, suggesting that relocalization precedes assembly of Rad51 foci
at heterochromatic DSBs (compare kinetics in Figure 3A with Figure S4A and images in
Figure S4C with Figure S4E). Indeed, colocalization of TopBP1 with Rad51 foci
progressively increases at the periphery of HP1a between 10 and 60 min after IR (when
TopBP1 foci relocalize) (Figure S4G). The intensity reduction for TopBP1 and ATRIP foci
during relocalization and Rad51 foci formation (Figures S4C, S4E, and S4G) likely results
from the local removal of RPA during assembly of Rad51 nucleofilaments (Sugiyama and
Kowalczykowski, 2002).

We also confirmed that the relocalization of repair foci reflects the behavior of damaged
repeated sequences associated with heterochromatic proteins. First, IF for γH2Av or Rad51
combined with DNA FISH (AACAC satellite repeats) shows that satellite sequences
associated with γH2Av or Rad51 repair foci are more distant from DAPI-bright compared
to all satellite signals at 60 min after IR (Figure 3E). This result directly links repeated
heterochromatic sequences to HR repair foci relocalized outside of the heterochromatin
domain. Second, coimmunoprecipitation experiments show that ATRIP is strongly
associated with HP1a and H3K9me3 at 6 and 40 min after IR (Figure S5C), when ATRIP
foci are concentrated in heterochromatin. Reduced association between ATRIP and HP1a at
60 min, after relocalization of foci is complete, could result from the disassembly of ATRIP
foci or local heterochromatin changes at the sites of damage. Interestingly, we observe some
association of ATRIP with heterochromatin components prior to IR and focus formation.

We conclude that repair foci are highly mobile in Drosophila cultured cells and that early
steps in HR repair (e.g., resection) occur within the heterochromatic domain, whereas late
HR steps (e.g., strand invasion) do not occur until DSBs relocate to the HP1a periphery.

Heterochromatin Expansion and Relocalization of Foci Require Resection and Checkpoint
Proteins

We investigated whether proteins involved in the initial processing of DSBs, specifically
checkpoint kinases and resection components, mediate heterochromatin expansion or
relocalization of foci. Treatment with caffeine, a potent inhibitor of ATM and ATR kinase
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activity (Sarkaria et al., 1999), results in defective HP1a expansion after IR (3.6-fold
reduction) (Figures 4A and 4B and Movie S6). Caffeine also delays formation of ATRIP
foci in euchromatin but prevents formation of ATRIP foci within the HP1a domain (Figures
4A and 4C), suggesting a role for checkpoint kinases in the assembly of ATRIP foci
specifically in heterochromatin. We directly addressed the roles of ATM and ATR in
heterochromatin expansion by RNAi depletion (Figures S6A and S6B). HP1a expansion is
partially defective after ATM RNAi (1.7-fold reduction) and severely impaired after ATR
RNAi (3-fold reduction) (Figure 4D and Figure S6E). Simultaneous depletion of ATM and
ATR results in defective expansion, but the magnitude of the defect is not significantly
different from the removal of ATR alone (Figure 4D and Figure S6E). We conclude that
checkpoint kinases are required to promote heterochromatin expansion after IR and that
ATR plays a major role.

Although regulators of resection have not previously been identified in Drosophila, there are
homologs of three proteins required for resection in yeast and mammals (CtIP, Exo1 [Tosca
in Drosophila], and Blm) (Digilio et al., 1996; Kusano et al., 1999; Uanschou et al., 2007).
Simultaneous depletion of all three proteins (Figure S6A) severely impaired the assembly of
ATRIP foci and not γH2Av and Mu2 foci (Figures S6C and S6D), indicating that resection
is indeed inhibited. Importantly, HP1a expansion is almost completely abolished after CtIP/
Tosca/Blm RNAi (15-fold reduction) (Figure 4D and Figure S6E).

Interestingly, loss of resection seems to have a stronger impact than checkpoint inactivation
on HP1a expansion (Figure 4D). Moreover, γH2Av and Mu2 foci are weaker and less
numerous after ATR RNAi (Figure S6B), but not after depletion of resection components
(Figure S6D). Thus, ATR is still partially active after CtIP+Tosca+Blm RNAi, yet
expansion is blocked; this suggests that resection could contribute to expansion independent
of its role in promoting ATR recruitment.

To address the impact of checkpoint proteins and resection on DSB relocalization, we
quantified the frequencies of γH2Av foci within and outside of the DAPI-bright region at 60
min after IR. We observe that γH2Av foci persist in heterochromatin when checkpoint or
resection proteins are depleted (Figure 4E and Figure S6F). As for HP1a expansion, ATR,
ATR+ATM, and CtIP+ Tosca+Blm depletions display the strongest effects. Time-lapse
analysis of GFP-Mu2 confirms that relocalization of heterochromatic DSBs to the periphery
and outside of the HP1a domain is defective when resection is inhibited (Figure 4F).

We conclude that IR-induced expansion of the heterochromatin domain and relocalization of
repair foci require checkpoint kinases (mainly ATR) and resection.

Heterochromatin Proteins Regulate DSB Repair by Blocking Formation of Rad51 Foci
Careful analysis of fixed and living cells revealed that Rad51 foci assemble in HP1a “holes”
or “pockets” at the heterochromatin periphery after IR or where HP1a is not visible after
NIR-laser targeting to the heterochromatin (Figure S4F and Figure S7B). This mutual
exclusivity suggests that assembly of Rad51 foci could be blocked by heterochromatin
proteins.

We therefore tested the effect of heterochromatic protein removal on the distributions of
Rad51 foci. Depletion of the Su(var)3–9 HMTase results in severe reduction of H3K9me2
and H3K9me3 levels and disassembly of HP1a, and these effects are exacerbated by
simultaneous depletion of the SetDB1 HMTase (Figure S7C). The absence of H3K9
HMTases results in a 3- to 4-fold increased frequency of Rad51 foci after IR, specifically in
DAPI-bright (Figure 5A). Similarly, HP1a depletion results in the abnormal presence of
Rad51 foci in DAPI-bright (Figure 5A), and the kinetics of γH2Av and Rad51 foci become
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similar to those observed normally in DAPI-weak euchromatin (Figure 5B, compare to
Figure 1). Because H3K9 methylation levels are almost normal after HP1a RNAi (Figure
S7D), we conclude that HP1a acts downstream of H3K9 methylation in regulating exclusion
of Rad51 foci.

Enrichment of the Drosophila Smc5/6 Complex in Heterochromatin Requires HP1a
HP1a could counteract the formation of Rad51 foci directly or by recruiting other proteins
that provide antirecombinase functions. One good candidate for this role is the Smc5/6
complex, which prevents the formation of DSB-induced Rad52 foci in the nucleolus and
suppresses spontaneous recombination of rDNA repeats in S. cerevisiae (Torres-Rosell et
al., 2007). In S. pombe, HU treatment promotes Smc5/6 recruitment to pericentric
heterochromatin, suggesting a role in responding to the presence of stalled forks (Pebernard
et al., 2008).

We first determined whether subunits of the Drosophila Smc5/6 complex are localized to
heterochromatin. Live imaging shows that GFP-tagged Smc5, Smc6, and Nse2 colocalize
with mCh-HP1a through all interphase stages of the cell cycle (Figure 6A, Figure S8A, and
data not shown). Similar to HP1a (Kellum et al., 1995), Smc5/6 components disassemble
from heterochromatin during mitosis and reassemble in G1 (Figure S8A and data not
shown). Finally, Smc5 and Smc6 coimmunoprecipitate with FLAG-HP1a (Figure 6B).
These results identify the Smc5/6 complex as a new heterochromatin component in
Drosophila that is physically associated with HP1a.

RNAi depletions were used to determine the interdependency of Smc5/6 and HP1a
recruitment to heterochromatin. GFP-Nse2 colocalizes with intense HOECHST staining
(which identifies the equivalent of DAPI-bright in living cells) in control cells, but not after
HP1a RNAi (Figure 6C). Conversely, depletion of Smc5/6 has no impact on HP1a
localization to heterochromatin or on the levels and nuclear distributions of H3K9me2 and
H3K9me3 (Figure S8C). Similarly, Smc5/6 RNAi did not increase the DAPI-bright volume,
a phenotype observed after depletion of Su(var)3–9, Su(var)3–9 + SetDB1, or HP1a (Figure
S8D).

We conclude that the Drosophila Smc5/6 complex is a hetero-chromatin component, and its
recruitment to heterochromatin is HP1a dependent.

Smc5 and Smc6 Are Required to Prevent Formation of Rad51 Foci and Aberrant
Recombination Events in Heterochromatin

We next determined whether loss of the Smc5/6 complex affects the behavior of DSBs in
heterochromatin. RNAi depletion of Smc5, Smc6, or Smc5+Smc6 significantly increased
Rad51 foci formation only in DAPI-bright (Figure 6D and Figure S8E), similar to the
phenotypes observed after Su(var)3–9 or HP1a depletion (Figure 5). The number of Rad51
foci that were observed in DAPI-bright after simultaneous depletion of Smc5, Smc6, and
HP1a by RNAi is comparable to HP1a depletion alone (Figure 6D), suggesting that they
control HR repair in heterochromatin through the same pathway. Similar to HP1a RNAi, the
kinetics of heterochromatic γH2Av and Rad51 foci become equivalent to euchromatin after
Smc5/6 depletion (compare Figures S8F and S8G with Figure 5B). Because Smc5/6 RNAi
does not affect levels and distributions of H3K9me2, me3, and HP1a, as well as compaction
of the DAPI-bright domain, we conclude that Smc5/6 acts downstream of HP1a in
controlling Rad51 exclusion from the heterochromatin domain.

Finally, RNAi depletion of Smc5/6 complex components results in the appearance of
extended DNA filaments between ~50% of nuclei (cells do not complete cytokinesis)
(Figure 6E and Figure S8E). Similar phenotypes were observed after HP1a or Su(var)3–9
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depletion (data not shown). These DNA filaments are enriched in H3K9me2 (Figure 6E and
Figure S8E), indicating that they contain heterochromatic DNA. Importantly, the filament
phenotype is rescued by blocking HR (simultaneous depletion of Smc5/6, Rad51, and/or
Rad54) (Figure 6F), suggesting that they arise from aberrant recombination events.

We conclude that the presence of the Smc5/6 in heterochromatin precludes the assembly of
Rad51 foci at early time points after damage. Removal of the Smc5/6 complex or of any of
the heterochromatin components responsible for its recruitment results in Rad51 foci
formation inside of heterochromatin and failure to properly resolve HR events.

DISCUSSION
Our findings reveal that DSBs are formed in Drosophila heterochromatin after IR and are
rapidly recognized and processed for repair by HR. Furthermore, both the heterochromatin
domain and heterochromatic repair foci display dramatic, dynamic behaviors in response to
IR. Within minutes, γH2Av, Mu2, TopBP1, and ATRIP foci are assembled in
heterochromatin, and the HP1a domain globally expands and forms dynamic protrusions.
Later, repair foci relocate to the HP1a periphery or outside of the domain. Importantly, we
directly show that damaged repeated sequences relocalize, not just DSBs within the HP1a
domain. We also demonstrate that resection and checkpoint kinases, predominantly ATR,
play crucial roles in both heterochromatin expansion and foci relocalization. Despite the HR
requirement for repairing heterochromatin, Rad51 foci only form at the HP1a periphery or
outside of the domain, where they associate with the HP1a dynamic protrusions and regions
where HP1a is locally absent. These results demonstrate that the initial recognition and
resection of heterochromatic DSBs are spatially and temporally separated from Rad51 foci
assembly. Heterochromatin components are crucial for this regulation; the Smc5/6 complex,
recruited to heterochromatin by HP1a, is the key component that is required to prevent
formation of IR-induced Rad51 foci in heterochromatin. Smc5/6 depletion results in
recombination-dependent heterochromatic DNA filaments between nuclei, revealing the
importance of the Smc5/6 complex in suppressing abnormal HR in heterochromatin.

A Model for How HR Repair Is Controlled in Heterochromatin to Prevent Abnormal
Recombination of Repeats

Our results suggest a model for how HR repair of damaged heterochromatic repeats could
occur without generating genome instability (Figure 7 and Movie S7). Heterochromatic
DSBs are quickly detected by early components of the DNA damage response, resulting in
resection and checkpoint signaling, whereas recruitment of Rad51 is initially suppressed by
HP1a through its association with the Smc5/6 complex. Expansion of the HP1a domain,
triggered by resection and ATR activity, facilitates the relocalization of DSBs to the
heterochromatin periphery. Next, the local absence or removal of HP1a at the periphery of
the heterochromatin domain allows recruitment of Rad51 and other proteins required for
recombination, which may also participate in tethering DSBs outside of the heterochromatin
domain until repair is complete.

We propose that the dynamic spatial and temporal regulation of the DSB response in
heterochromatin helps to ensure repeat and genome stability. Separation of the repeats with
DSBs from the rest of the (undamaged) heterochromatin before strand invasion would
preclude the use of sequences on nonhomologous chromosomes as templates for repair, thus
preventing chromosome rearrangements. Pairing of sister chromatids and homologous
chromosomes is maintained throughout interphase in Drosophila cells (McKee, 2004). Thus,
genome stability could be ensured by completing recombination repair using homologous
sequences on sister chromatids or homologs that relocalize in concert with the damaged
DNA.
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Aspects of this model share striking similarities with mechanisms described in S. cerevisiae
to preserve rDNA stability, where the Smc5/6 complex plays a role in suppressing formation
of Rad51 foci until DSBs relocalize to outside nucleoli (Torres-Rosell et al., 2007). This
similarity is surprising because S. cerevisiae lacks H3K9 methylation and HP1 proteins,
which in Drosophila are critical components of DSB repair in heterochromatin and are not
enriched in nucleoli. In addition, nucleolar rDNAs are the most actively expressed genes in
the genome, whereas Drosophila heterochromatin is mostly transcriptionally silent and
contains a wider spectrum of repeats (simple, short satellites and transposable elements).

Our work extends the insightful yeast results by demonstrating that the spatiotemporal
separation of HR repair events also occurs in the heterochromatin domain and that the
response to IR includes physical expansion of HP1a. Moreover, we demonstrate that
relocalization is coordinated with heterochromatin expansion and is orchestrated by
checkpoint and resection activities, as well as heterochromatin components.

DSB Processing Is Highly Efficient in Heterochromatin
Contrary to previous conclusions (Cowell et al., 2007; Goodarzi et al., 2008; Kim et al.,
2007), we show that heterochromatin does not represent an obstacle to DSB recognition and
processing. In fact, Mu2 and γH2Av foci are quickly assembled in heterochromatin, with
kinetics similar to euchromatin.

Unexpectedly, TopBP1 and ATRIP foci appear even faster in heterochromatin than in
euchromatin and are unusually bright compared to euchromatic foci. These observations
suggest that heterochromatin features may amplify some aspects of the DSB response, such
as resection, or formation or clustering of TopBP1/ATRIP foci. TopBP1/ATRIP foci
formation could be enhanced by the interaction that we identified between HP1a and
ATRIP, which is increased after IR. Checkpoint kinases could also play a role, as caffeine
treatment abrogates ATRIP foci specifically in heterochromatin.

Because resection is required for ATRIP-ATR loading and, together with ATR, for
heterochromatin expansion and DSB relocalization, the efficiency of resection and/or
ATRIP assembly is likely to play a pivotal role in promoting heterochromatin stability in the
presence of DSBs. One advantage of efficient resection in heterochromatin might be to
suppress NHEJ and promote HR repair (Huertas, 2010). Because NHEJ can generate
translocations from DSBs in close proximity (Soutoglou and Misteli, 2008), safe repair of
DSBs in repeats could require both immediate repression of NHEJ plus spatial and temporal
separation of early and later steps in HR repair.

What Is the Significance of Heterochromatin Expansion?
We discovered that IR rapidly induces a global change in heterochromatin organization in
Drosophila (even at low dose), visualized as dynamic HP1a protrusions, and expansion of
both HP1a and DAPI-bright domains. This response may be conserved, as increased size of
the HP1β domain was observed after laser microirradiation in mouse cells. However, it is
unclear whether the HP1β response reflects heterochromatin relaxation (Ayoub et al., 2008;
Kruhlak et al., 2006) or HP1β recruitment to euchromatic DSBs next to heterochromatin
(Luijsterburg et al., 2009). In contrast, we never observe HP1a recruitment to γH2Av foci in
Drosophila euchromatin, and multiple cell biological and epigenomic analyses demonstrate
that heterochromatin volume expands in response to IR in Drosophila cells.

Previous studies suggested that heterochromatin relaxation is required to permit accessibility
of repair components (Ayoub et al., 2008; Goodarzi et al., 2008). However, we observe that:
(1) the peak of γH2Av, Mu2, ATRIP, and TopBP1 foci formation in heterochromatin occurs
before the peak of heterochromatin expansion, (2) depletion of proteins required for
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expansion (e.g., resection components) does not interfere with the formation of Mu2 and
γH2Av foci in heterochromatin, and (3) removal of Smc5/6, which does not interfere with
heterochromatin compaction or the presence of heterochromatin marks (H3K9me2/3 and
HP1a), permits Rad51 foci formation in heterochromatin. Nevertheless, the fact that
heterochromatin expansion requires resection and checkpoint kinases, indicating that it is
specifically induced by DSBs, suggests that expansion does play a role in the DSB response.
Importantly, the peak of heterochromatin expansion coincides with the timing of DSB
relocalization, and conditions that suppress expansion also prevent DSB relocalization.
Thus, we propose that heterochromatin expansion may be required for mobilizing DSBs,
rather than accessibility of repair components (see below).

What Regulates Relocalization of Foci and the Progression of HR Repair?
One of the most striking observations reported here is the movement of DSBs and repair foci
to outside of the heterochromatin domain. Such directional, long-range DSB movements
were previously considered a peculiarity of S. cerevisiae (Lisby et al., 2003), in contrast to
the positional stability of repair foci in mammalian cells (Kruhlak et al., 2006; Soutoglou et
al., 2007). An exception is that unprotected telomeres, which resemble DSBs, become
mobilized in mouse cells (Dimitrova et al., 2008). Telomeres are enriched for repeats and
HP1, suggesting the intriguing possibility that relocalization of DSBs is conserved in
mammals, but only for regions of the genome where proximity of repeated sequences
presents a dangerous environment for repair. Relocalization of DSBs to the heterochromatin
periphery would also explain the absence of γH2Ax foci in chromocenters of mouse cells at
> 30 min after IR (Cowell et al., 2007). Detailed studies of the kinetics of the DSB response
and mobility of foci in mammalian heterochromatin are required to determine whether the
dynamics that we observe in Drosophila are conserved in vertebrates.

Importantly, we show that relocalization of foci requires the presence of checkpoint and
resection components. It is currently unknown whether they affect relocalization directly or
indirectly through regulation of expansion. Further investigations are also required to
determine the role of interactions between heterochromatin proteins and resection/
checkpoint signaling (e.g., HP1a and ATRIP) in promoting DSB relocalization.

In terms of mechanisms, relocalization within nuclei could be an “active” directed process
that is mediated by cytoskeletal elements and motors, which regulate other types of
chromosome dynamics (Chuang et al., 2006; Sato et al., 2009). The movement of Rad51
foci at the tips of the HP1a protrusions suggest that “pulling” forces could be present that
help to isolate DSBs from the main heterochromatin domain. However, inhibition of actin or
tubulin polymerization (by latrunculin A or colchicine treatment, respectively) did not affect
relocalization of heterochromatic foci (data not shown); additional studies are required to
definitively determine whether cytoskeletal elements or motors are required. Alternatively,
relocalization of foci could be regulated by “passive” mechanisms. The initial compaction of
the domain could limit the motion of DSBs, with expansion allowing increased mobility.
One possibility, based on the persistence of DSBs in heterochromatin after Rad51 or Rad54
depletion, is that relocalization is ensured by restricting strand invasion to outside of the
heterochromatin domain, where active Rad51 and associated proteins “capture” resected
DSBs. Interestingly, the human Ku70/80 complex is required to constrain the local motion
of DSBs (Soutoglou et al., 2007). GFP-Ku80 is mostly absent in the HP1a compartment in
Drosophila (data not shown), suggesting that suppression of NHEJ repair may contribute to
the mobility of DSBs. These models are not mutually exclusive; for example, mobility could
be triggered by active processes even if relocation involves a later capture mechanism.

Heterochromatin proteins, and particularly the Smc5/6 complex, could play different roles in
relocalization and the progression of HR repair. Studies in yeast demonstrate that the
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Smc5/6 complex not only suppresses illegitimate HR, but also facilitates sister chromatid
exchanges (SCEs) (De Piccoli et al., 2009). Thus, Drosophila Smc5/6 could promote SCEs
at heterochromatic DSBs during completion of HR repair, in addition to its earlier role in
exclusion of Rad51 foci.

How the Smc5/6 complex directly or indirectly controls HR is unknown. The Smc5/6
complex has an SMC structure, like cohesins and condensins, and the Nse2 subunit is an E3
SUMO-ligase (De Piccoli et al., 2009). An important challenge will be to determine whether
the Smc5/6 complex controls the stability of Drosophila heterochromatic sequences by
SUMOylating relevant targets of the recombination pathway or by recruiting other proteins,
and whether relocalization of DSBs relies on the unique proprieties of SMC complexes,
such as the ATP-dependent ability to link DNA molecules and interact with subnuclear
structures.

Consequences of Misregulation of HR Repair in Heterochromatin
We previously showed that loss of HP1a or Su(var)3–9 results in excision of repeats and
chromosome translocations in flies (Peng and Karpen, 2007, 2009). The results presented
here suggest that heterochromatin components ensure genome stability by preventing
aberrant recombination at DSBs after IR and that the Smc5/6 complex mediates this
function. In addition, Smc5/6 removal without IR results in dramatic accumulation of
abnormal, recombination-dependent heterochromatic filaments between dividing nuclei.
These connections likely arise from deregulation of repair followed by chromosome
segregation in the presence of unresolved recombination intermediates. Thus,
heterochromatin components could also help to maintain genome stability during normal
replication, when spontaneous damage can result from passage of replication forks through
highly repeated DNA (Branzei and Foiani, 2010). Because the Smc5/6 complex is a
constitutive heterochromatin component in Drosophila, we suggest that it is a key
contributor to ensuring the stability of repeats after both spontaneous and induced damage.
We propose that other examples of heterochromatic “threads” in human cells (Baumann et
al., 2007) and Drosophila (Hughes et al., 2009; Royou et al., 2010) could arise from failures
in control of heterochromatin HR repair or local, directed deregulation of the mechanisms
described here.

Despite the challenges that they pose to genome stability, repeats are likely maintained in
complex eukaryotes because they encode essential functions such as centromeres, meiotic
pairing, and telomeres (Bernard et al., 2001; de Lange, 2005; Dernburg et al., 1996; Karpen
et al., 1996). Our results suggest that heterochromatin components play an additional, major
role in preventing genome and repeat instability through temporal and spatial regulation of
HR repair. It will be important to determine whether the dynamic behaviors and regulatory
roles of heterochromatin described here are conserved in vertebrates and whether defects in
these processes contribute to human diseases associated with chromosome instability and
aberrant heterochromatin, such as cancer (Dialynas et al., 2008) and aging (Shin et al.,
2010).

EXPERIMENTAL PROCEDURES
Cell Culture, IR Treatments

Kc167 (Kc) cells were used for all experiments unless indicated otherwise and were
maintained as logarithmically growing cultures. In IR experiments, the culture was exposed
to 5Gy using a 320 kV x-ray source. In kinetics with fixed cells, time 0 (Unt) corresponds to
cells fixed without exposing them to IR. In time-lapse experiments, time 0 (Unt)
corresponds to cells imaged 5–10 min before IR treatment, unless otherwise indicated.
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Cytological Methods, Time-Lapse Experiments, and Image Processing
IF, FISH, and TUNEL assays were described in Peng and Karpen (2007, 2009).
Classification of foci inside or outside of the heterochromatin domain was done by
analyzing their positions with respect to DAPI-bright or the HP1a domain in each of the Z
stacks and in 3D image reconstructions with soft-WoRx. In time-lapse experiments, the
same field of cells was imaged before and after IR, as described in Extended Experimental
Procedures. Deltavision movie files were processed with Imaris (Bitplane AG, Zurich,
Switzerland) for 3D rendering and compensation of movement, when necessary. Movies
were created in Imaris, and time points were added using Photoshop (Adobe). 3D modeling
(Figure 3C, Figure S5A, Movie S2, and Movie S3) was done with Imaris.

Quantitation of HP1a Expansion
3D volumes occupied by HP1a were analyzed for consecutive time points in time-lapse
images of nuclei. Quantitation was done with custom Matlab scripts, as described in
Extended Experimental Procedures. In the graphs, the volume quantified for each cell was
normalized to the value (or mean value) of the same cell before IR.

ChIP-Chip
ChIP samples were prepared as described in Extended Experimental Procedures, and data
were analyzed using the Affymetrix Tiling Analysis Software. Browser shots were
generated with the Affymetrix Integrated Genome Browser.

Statistical Analysis
Unless otherwise indicated, n = number of cells/sample, and p values were calculated using
the Kruskal-Wallis test with multiple-comparison Dunnet’s post test. Analyses were done
with InStat (Graphpad).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Processing of DSBs in Heterochromatin Occurs with Different Kinetics Than
Euchromatin and Requires HR
(A) γH2Av, but not Rad51, foci form in DAPI-bright (dashed circles) after IR. IF with
γH2Av or Rad51 antibodies shows γH2Av foci in DAPI-bright at 10 min and not at 60 min
after IR. Rad51 foci are rare in DAPI-bright at both time points (see one example in Figure
S2B).
(B) IF was performed at different time points after IR as in (A), and quantitative analysis of
foci was performed. In DAPI-weak, frequencies of γH2Av and Rad51 foci peak at 30 and
60 min after IR, respectively, and then show a slow decay. In DAPI-bright, rapid reduction
of γH2Av foci is observed between 10 and 30 min after IR (p < 0.001; n > 60). No
significant differences in the low numbers of Rad51 foci were observed in DAPI-bright
throughout the time course (n > 100).
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(C) HR proteins are required for removal of γH2Av foci from heterochromatin. Quantitative
kinetic analysis shows persistent γH2Av foci in DAPI-bright and DAPI-weak after Rad51
or Rad54 RNAi at 60 and 240 min after IR (p < 0.01; n > 100). Examples of cells are shown
in Figure S2E.
(D) ATRIP foci form in DAPI-bright in response to IR. Cells expressing GFP-ATRIP were
fixed 10 min after IR and stained with γH2Av antibodies (top). Quantitation (bottom)
reveals rapid reduction of ATRIP and γH2Av foci between 10 and 30 min after IR (p =
0.001; n > 60). In DAPI-weak, the kinetics of ATRIP foci is similar to Rad51 (see B).
Graphs show mean ± SEM. Only Z-stacks including the DAPI-bright are shown as
projections in (A) and (D). Scale bars, 1 μm. See also Figure S1 and Figure S2.
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Figure 2. Heterochromatin Expands and Becomes Dynamic in Response to IR
(A) HP1a expands after IR and forms dynamic protrusions. Stills from Movie S1 are shown,
in which a single cell expressing GFP-HP1a was imaged before IR (−IR) and starting 20 min
after IR (+IR). Arrows and zoomed detail of the outlined region show HP1a protrusions.
Scale bars, 5 μm.
(B) Automated quantitation shows HP1a expansion (p < 0.0001) followed by partial
contraction (p = 0.0011) (see examples in Figure S3B). After contraction, the volume of
HP1a is still significantly larger than the untreated control (p < 0.0001) (two-tailed unpaired
t test; n = 11; graph shows mean ± SEM).
(C) ChIP-array analysis of HP1a localization was performed before (UNT), 30 min, and 60
min after IR. The browser view of the proximal half of chromosome 3L shows the position
of the euchromatin-heterochromatin border (red line); x axis = arm coordinates in Mbs. y
axis = enrichment p values, normalized to input. No major increases in HP1a enrichments
are observed in the euchromatin after IR (other chromosome arms are shown in Figure S3).
(D) IR induces expansion of heterochromatin sequences. Quantitation of the distance
between AACAC signals, detected by FISH, and DAPI-bright shows higher values between
10 and 60 min after IR and partial decrease at 180 min (p < 0.001) (n = 150 signals). Red
bar, mean; black bars, ± SEM.
See also Figure S3 and Movie S1.
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Figure 3. Heterochromatic DSBs Relocalize Outside of the HP1a Domain, Where They Associate
with Rad51
(A) ATRIP foci form within the HP1a domain and relocate outside of the domain. Stills
from Movie S2 are shown, in which cells expressing GFP-ATRIP and mCh-HP1a were
imaged before and after IR. (Top) Maximum intensity projections of one cell at 10, 30, and
60 min after IR show the relocalization of ATRIP foci to the periphery and outside of the
HP1a domain. More time points are shown in Figure S4C. (Bottom) Quantitation shows
increased ATRIP foci within the HP1a domain at 4 and 10 min and reductions after 10 min.
ATRIP foci accumulate at the periphery of the HP1a domain from 10 to 60 min (p < 0.001;
n = 30 cells).
(B) Rad51 foci form at the periphery and outside of the HP1a domain after IR. Cells
expressing GFP-Rad51 and mCh-HP1a were analyzed as in (A). (Top) Images of the same
cell at 10, 30, and 60 min after IR; more time points are shown in Figure S4E. (Bottom)
Quantitation shows that Rad51 foci only appear near the HP1a periphery or outside of the
domain (n = 40 cells).
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(C) 3D modeling of stills from Movie S3 (Figure S5A), in which cells expressing GFP-
ATRIP and mCh-HP1a were imaged before and after IR, shows ATRIP foci formed within
the HP1a domain that translocate outside (arrows) and frequently split (see red, cyan, yellow
foci).
(D) Cells expressing GFP-Rad51 and mCh-HP1a, imaged before and after IR, show Rad51
foci localized at the “tips” of dynamic HP1a protrusions. Stills from Movie S5 are shown.
Representative time points of the region outlined are shown below.
(E) Damaged heterochromatic repeats are more distant from DAPI-bright compared to
undamaged repeats. AACAC repeats and γH2Av or Rad51 foci were detected by FISH-IF
of cells fixed before (−) and 60 min after (+) IR. Images and quantitation of the distance
from DAPI-bright (dashed blue circle) show that AACAC signals that colocalize with
γH2Av (60 + γH2Av) or Rad51 (60 + Rad51) are more distant than all AACAC signals at
the same time point (60) (p < 0.001 and p < 0.02, respectively, by two-tailed Mann-Whitney
test; n > 100 signals). The distances in untreated cells are also shown for each experiment
(0). Images are projections of the Z-stacks, including the DAPI-bright.
Graphs show mean ± SEM. Scale bars, 1 μm. See also Figure S4, Figure S5, Movie S2,
Movie S3, Movie S4, and Movie S5.
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Figure 4. Checkpoint Kinases and Resection Are Required for Heterochromatin Expansion and
DSB Relocalization
(A) Caffeine treatment suppresses HP1a dynamics and prevents ATRIP foci assembly
within the HP1a domain. Stills from Movie S6 are shown, in which cells expressing GFP-
ATRIP and mCh-HP1a were imaged before and after IR, in the presence (+ caffeine) or
absence (Ctrl) of caffeine. Scale bar, 1 μm.
(B) Quantitation of the experiment described in (A) shows defective expansion of the HP1a
volume after caffeine treatment compared to untreated cells (p < 0.0001; n > 15).
(C) Quantitation of the experiment described in (A) highlights defective formation of
ATRIP foci in the HP1a domain after caffeine treatment (p < 0.001; n > 30). ATM is not
required for formation of ATRIP foci in heterochromatin (Figure S6B), suggesting that this
defect results from ATR inactivation.
(D) Quantitation of HP1a volume shows defective expansion after depletion of checkpoint
or resection proteins. Values = mean fold increase in HP1a volume for time points between
10 and 40 min after IR, compared to control RNAi (***p < 0.0001, **p < 0.01, two-tailed
unpaired t test with Welch correction; n > 12). All time points are shown in Figure S6E.
(E) Depletion of checkpoint or resection proteins results in persistent γH2Av foci in DAPI-
bright at 60 min after IR (***p < 0.0001, **p < 0.01, *p < 0.05, two-tailed Mann-Whitney
test; n > 100). Kinetics are shown in Figure S6F.
(F) RNAi of CtIP+Tosca+Blm results in persistent Mu2 foci within the HP1a domain after
IR and defective relocalization to the HP1a periphery (p < 0.0001; n > 20). This analysis
could not be performed after ATR depletion because Mu2 foci do not form (Figure S6B).
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Similarly, ATRIP foci could not be monitored after RNAi of ATR or resection components
(Figures S6B–S6D).
Graphs show mean ± SEM. See also Figure S6 and Movie S6.
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Figure 5. HP1a or H3K9 HMTase Depletion Results in Formation of Rad51 Foci in
Heterochromatin
(A) IF analysis 60 min after IR and quantitation shows that Su(var)3–9, Su(var)3–9 +
SetDB1, or HP1a depletion (quantitation is in B) results in increased Rad51 foci in DAPI-
bright (dashed blue circles) and not in DAPI-weak (3- to 4-fold increase in DAPI-bright
after Su(var)3–9 and SetDB1 RNAi [right]; p < 0.001; n > 100).
(B) Quantitation of γH2Av and Rad51 foci at different time points after IR shows that
depletion of HP1a results in increased foci in DAPI-bright (*p < 0.01; n > 100) and not in
DAPI-weak.
Graphs show mean ± SEM. Scale bars, 1 μm. See also Figure S7.
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Figure 6. The Smc5/6 Complex Is Required to Prevent IR-Induced Rad51 Foci and Aberrant
Recombination in Heterochromatin
(A) Images of cells expressing GFP-tagged Smc5, Smc6, or Nse2 and mCh-HP1a show that
different Smc5/6 subunits colocalize with HP1a.
(B) The Smc5/6 complex interacts with HP1a. FLAG-HP1a (+) expressing S2 cells were
used to immunoprecipitate HP1a. Western blot with anti-FLAG (HP1a), Smc5, and Smc6
antibodies shows enrichment of Smc5 and Smc6 compared to control cells (−). Extracts
were treated with Benzonase prior to IP, suggesting that Smc5/6-HP1a interaction is not
mediated by DNA.
(C) HP1a is required for localization of the Smc5/6 complex to heterochromatin. HP1a
RNAi results in delocalization of GFP-Nse2 from heterochromatin (see Figure S8B for
quantitation).
(D) Smc5/6 and HP1a are part of the same pathway that excludes Rad51 foci from
heterochromatin. Bw (control), HP1a, Smc5/6, or HP1a + Smc5/6 were depleted for 5 days
by RNAi, and then cells were fixed after IR. Quantitation shows similar increases in DAPI-
bright Rad51 foci after HP1a or Smc5/6 + HP1a RNAi (n > 150). Graphs show mean ±
SEM.
(E) Smc5/6 depletion alone (without IR) results in heterochromatic DNA filaments
connecting dividing cells. Smc5 and Smc6 were depleted for 6.5 days by RNAi, spun down,
mixed, and settled to adhere to the slide. Then, cells were fixed and stained with DAPI and
H3K9me2 antibodies. Images are maximum intensity projections. The brightness of the
DAPI-only image was uniformly increased to visualize the filaments. Similar results were
observed after separate depletion of Smc5 or Smc6 (Figure S8E).
(F) DNA filaments formed in the absence of Smc5/6 are dependent on recombination. Bw
(control), Smc5/6, Rad51, and/or Rad54 were depleted and cells were processed as in (E).
DNA filaments resulting from Smc5/6 RNAi are suppressed by simultaneous depletion of
Rad51 and/or Rad54 (p < 0.0001; n > 500). Scale bars, 5 μm. See also Figure S8.
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Figure 7. A Model for the Spatiotemporal Regulation of DSB Repair Events in Heterochromatin
DSB detection, checkpoint activation, and resection occur quickly in heterochromatin,
where ATR and HP1a facilitate the assembly of TopBP1/ATRIP foci. Meanwhile, Rad51
recruitment and strand invasion are suppressed by the Smc5/6 complex, which is recruited to
heterochromatin by HP1a (yellow background). Heterochromatin expansion facilitates DSB
relocalization to the HP1a periphery; both dynamic behaviors require checkpoint kinases
(mainly ATR) and resection proteins. The euchromatic environment or local disassembly of
HP1a at DSBs allows Rad51 loading and completion of HR repair (blue background). Once
initiated, strand invasion facilitates the retention of DSBs at the HP1a periphery or the
euchromatic domain during HP1a contraction. This mechanism prevents ectopic
recombination by isolating the damaged site from the undamaged heterochromatic repeats
before strand invasion. Homolog or chromatid pairing, maintained during relocalization,
likely provide the templates for completing HR repair. Only processes related to DSB repair
in heterochromatin are shown. See Movie S7 for animated version.
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