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Repair of DNA double-strand breaks (DSBs) must be properly orchestrated in diverse chromatin regions to maintain
genome stability. The choice between two main DSB repair pathways, nonhomologous end-joining (NHEJ) and
homologous recombination (HR), is regulated by the cell cycle as well as chromatin context. Pericentromeric
heterochromatin forms a distinct nuclear domain that is enriched for repetitiveDNA sequences that pose significant
challenges for genome stability. HeterochromaticDSBs display specialized temporal and spatial dynamics that differ
from euchromatic DSBs. Although HR is thought to be the main pathway used to repair heterochromatic DSBs,
direct tests of this hypothesis are lacking. Here, we developed an in vivo single DSB system for both heterochromatic
and euchromatic loci inDrosophilamelanogaster. Live imaging of single DSBs in larval imaginal discs recapitulates
the spatio–temporal dynamics observed for irradiation (IR)-induced breaks in cell culture. Importantly, live imaging
and sequence analysis of repair products reveal that DSBs in euchromatin and heterochromatin are repaired with
similar kinetics, employ both NHEJ and HR, and can use homologous chromosomes as an HR template. This direct
analysis reveals important insights into heterochromatin DSB repair in animal tissues and provides a foundation for
further explorations of repair mechanisms in different chromatin domains.
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The eukaryotic nucleus contains distinct chromatin do-
mains called heterochromatin and euchromatin (Heitz
1928). Constitutive heterochromatin is enriched for repet-
itiveDNAs and contains fewprotein-coding genes. In con-
trast, euchromatin is generally associated withmore open
chromatin regions and containsmany actively transcribed
genes. Heterochromatin is predominantly concentrated at
pericentromeric and telomeric regions, and disruption of
heterochromatin impairs chromosome segregation, repli-
cation timing, transposon silencing, and gene expression
(Weiler and Wakimoto 1995; Peters et al. 2001; Peng and
Karpen 2009; Rangan et al. 2011). Epigenetically, hetero-
chromatin is enriched for dimethylation and trimethyla-
tion of histone H3 Lys9 (H3K9me2/3) and its binding
partner, heterochromatin protein 1 (HP1) (Eissenberg
and Elgin 2000).

Changes in H3K9 methylation levels and distributions
are seen in aging (Chen et al. 2014) and cancer (Sulli
et al. 2012; Ellinger et al. 2014). Moreover, H3K9me2-
rich genomic regions are highly correlated with increased
mutation load in a variety of cancer types (Schuster-Bock-
ler and Lehner 2012), suggesting that heterochromatin re-
gions are more susceptible to DNA damage and improper
repair. Thus, determining howDNA repair in heterochro-
matic DNA is regulated will elucidate how chromatin
states impact genome stability and how misregulation
contributes to disease progression.
One of the most deleterious DNA lesions is a double-

strand break (DSB), since improper DSB repair can lead
to formation of aberrant chromosomes (e.g., transloca-
tions and insertions) that contribute to cancer and
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developmental diseases (Janssen and Medema 2013).
DSBs can occur during endogenous processes, such as rep-
lication fork collapse upon encountering an unrepaired
DNA lesion, or by exogenous mutagens such as irradia-
tion (IR) (Ciccia and Elledge 2010). The two main DSB re-
pair pathways are homologous recombination (HR), in
which a homologous template is used to accurately repair
the DSB, and the more error-prone nonhomologous end-
joining (NHEJ) pathway, in which two broken DNA
ends are ligated together, often resulting in modifications
of bases at the break site. HR ismainly limited to the S and
G2 cell cycle phases, when a sister chromatid is present
and can be used as a recombination template. In contrast,
NHEJ can be used at any stage of the cell cycle (Ciccia and
Elledge 2010).

The importance of specific chromatin modifications
and remodelers in DSB repair and pathway choice has be-
come increasingly clear over the past decade (Price and
D’Andrea 2013). For example, H3K36me3 at actively tran-
scribed regions is associated with a preference for HR
repair (Aymard et al. 2014), and specific chromatin envi-
ronments can predispose a genome to translocations (Bur-
man et al. 2015) or repair by the error-prone alternative
NHEJ (Lemaitre et al. 2014).

DSBs in constitutive heterochromatin are considered
especially dangerous due to the presence of many homol-
ogous repetitive sequences on different chromosomes. HR
repair of damaged repeats can result in aberrant recombi-
nation products that are harmful for cells and organisms
(Chiolo et al. 2011; Ryu et al. 2015). However, studies in
mammalian and Drosophila melanogaster cultured cells
do suggest thatHR is themain repair pathway used by het-
erochromatic DSBs (Goodarzi et al. 2008; Chiolo et al.
2011; Goodarzi and Jeggo 2012). Heterochromatic DSBs
display specific temporal and spatial responses that differ
significantly from euchromatic DSBs. In Drosophila and
mammalian cell culture, heterochromatic DSBs induced
by IR relocalize to outside the heterochromatin domain
(Chiolo et al. 2011; Jakob et al. 2011). 5′-to-3′ end resec-
tion, phosphorylation of H2Av by ATM/ATR kinases
(γH2Av, analogous to γH2AX in mammals) (Rogakou
et al. 1999), and recruitment of proteins that regulate early
events in HR repair (e.g., ATRIP and TopBP1) occur at het-
erochromatic DSBs inside the domain within minutes af-
ter IR. However, proteins involved in late HR events (e.g.,
BRCA2, Rad51) are recruited to DSBs only after they
relocalize (Chiolo et al. 2011). We hypothesized that these
spatial and temporal dynamics help prevent aberrant
recombination events between repetitive regions on
nonhomologous chromosomes and promote “safe” re-
combination between sister chromatids or homologs.
However, it is currently unclear whether heterochroma-
tin-specific DSB relocalization to the nuclear periphery
depends on induction of many breaks at the same time
(using IR) or whether a single break induces the same dy-
namic behaviors.

A key role for HR was also demonstrated by genetic
analyses. Depletion of HR proteins in Drosophila cells,
but notNHEJ proteins, resulted in retention of IR-induced
repair foci inside the heterochromatin domain (Chiolo

et al. 2011). However, direct determination of all DSB re-
pair pathways used as well as information about the tem-
plates used for HR require sequence analysis of repair
products (Nagel et al. 2014; Soong et al. 2015), which is dif-
ficult for repetitive DNA. Thus, other pathways, such as
NHEJ or single-strand annealing (SSA), could also play
an important role in repairing heterochromatic DSBs. In
fact, utilization of NHEJ would eliminate some aberrant
repair events that result from HR between repetitive re-
gions. In SSA, extensive end resection results in annealing
of complementary repetitive sequences, which could be of
particular importance in repeat-rich heterochromatin.
Determining whether the NHEJ and SSA pathways im-
pact heterochromatin DSB repair is important to under-
stand the mechanisms that maintain the stability of
repeated DNAs.

To address these questions, we developed a D. mela-
nogaster single DSB system to analyze repair in both
constitutive heterochromatic and euchromatic sites.Dro-
sophila is an attractive system to study DSB repair in the
context of a living organismwith well-characterized chro-
matin environments (Kharchenko et al. 2011), effective
tools for analyzing repair processes (Rong and Golic
2003; Preston et al. 2006; Do et al. 2014) and conservation
of heterochromatin regulation and protein complexes
with mammals (Fodor et al. 2010; Hoskins et al. 2015).

Here we show that single heterochromatic DSBs reloc-
alize from the heterochromatin domain in living tissues
and show repair kinetics similar to those of euchromatic
DSBs. Most importantly, in contrast to earlier findings,
genetic as well as sequence analyses revealed that NHEJ,
SSA, and HR pathways are used to repair heterochromatic
DSBs at frequencies similar to euchromatic DSBs. Finally,
we developed an in vivo homolog-tracking system that
demonstrates that both euchromatic and heterochromatic
DSBs can use homologs as a template for HR repair. These
findings advance our knowledge of the components and
mechanisms that repair heterochromatic DSBs and en-
sure genome stability.

Results

Development of a single DSB system for heterochromatic
and euchromatic loci

We developed a single DSB system to cytologically com-
pare DNA damage repair in euchromatic and constitutive
heterochromatic loci in animal tissues and determine
pathway utilization by DNA sequence analysis of DSB
repair products. Specifically, we used theMinos-mediated
integration cassette (MiMIC) system (Venken et al. 2011)
to integrate the DR-white (direct repeat white) DSB re-
porter (Do et al. 2014) into six pericentromeric hetero-
chromatic and three euchromatic loci (Fig. 1A,B).

TheDR-white reporter has one upstreamnonfunctional
white gene (white expression results in red eye color) con-
taining an I-SceI recognition sequence, a red fluorescent
marker (3xp3-dsRed), and a downstream truncated non-
functional white gene (iwhite) (Fig. 1A). dsRed and white
are driven by the eye tissue-specific promoter 3xP3 and
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glass multiple reporter (GMR), respectively. The up-
stream white gene contains a premature stop codon pre-
sent in the I-SceI recognition sequence (Do et al. 2014).
Expression of the rare cutting endonuclease I-SceI, used
extensively in studies of DSB repair (Jasin 1996), induces
a single DSB at the I-SceI cut site. Repair of this single
DSB by HR, NHEJ, and SSA occurs in the germline as
well as somatic cells. Relative contributions of each of
these pathways can be quantitated by determining the
phenotypes of the progeny (premeiotic male germline re-
pair events) or by PCR and sequence analysis (somatic
and germline repair events) (Fig. 1A).
We confirmed integration of all DR-white constructs in

the targeted genomic loci (Fig. 1B) using PCR. In addition,
we performed ChIP-qPCR (chromatin immunoprecipita-
tion [ChIP] followed by quantitative PCR [qPCR]) using
an antibody that specifically recognizes H3K9me3, the
key heterochromatin-enriched histone modification (Fig.
1C). As expected, the three euchromatic DR-white inser-

tions were not enriched for H3K9me3, whereas the six
heterochromatic DR-white insertions showed an eight-
fold to 90-fold enrichment of H3K9me3 at the I-SceI
cut site compared with input (Fig. 1C). H3K36me3 has
been linked to DSB repair pathway choice (Aymard et al.
2014), and introduction of DR-white insertions could po-
tentially affect this transcription-associated mark. How-
ever, the expression of dsRed is under the control of an
eye tissue-specific driver, and we observed strong silenc-
ing of dsRed in all heterochromatic DR-white insertions
(data not shown). In addition, ChIP-qPCR analysis showed
no change in H3K36me3 enrichment at DR-white inser-
tions in comparison with modENCODE ChIP-seq data
from wild-type larval tissue (Supplemental Fig. S1A). Fi-
nally, fluorescence in situ hybridization (FISH) on fixed
larval imaginal discs with probes recognizing DR-white
and the AACAC repeat, present in chromosome 2R
heterochromatin, cytologically validated the DR-white
integrations in heterochromatin. Consistent with the

Figure 1. Inducible single-break system for specific heterochromatic and euchromatic sites. (A) Schematic of theDR-white system. I-SceI
expression produces a single DSB in the upstreamwhite gene. HR with the downstream truncated iwhite sequence converts the 18-base-
pair (bp) I-SceI cut site to a wild-typewhite sequence (red eyes). White-eyed flies result from the absence of an I-SceI-induced DSB, NHEJ
(perfect NHEJ or NHEJ with processing), HR repair using the sister chromatid, or SSA (with loss of the intervening 3xP3.dsRed marker),
which can be analyzed in more detail by PCR and/or sequencing of repair products. (B) Schematic of DR-white integrations in euchroma-
tin (EC, eu) and heterochromatin (HC, het) on chromosomes 2, 3, and X. (C ) ChIP-qPCR (chromatin immunoprecipitation [ChIP] followed
by quantitative PCR [qPCR]) analysis ofH3K9me3 levels at the nineDR-white insertions. The graph shows averageH3K9me3 enrichment
over input by qPCR (+SD) of three experiments using a primer set specific for the I-SceI cut site. H3K9me3 levelswere standardized using a
yellow qPCR primer set as an internal control (set at 1). (D, left) Representative images of FISH staining for the AACAC heterochromatic
repeat (red) and the DR-white locus (green) in third instar larval discs with the indicated genotypes. (Right) Quantification of FISH
images. Each bar indicates average distance (in nanometers) between the AACAC and DR-white centroids + SD. n≥ 200 cells. (∗∗) P-value
≤ 1 × 10−22, two-tailed unpaired Student’s t-test. (E) Schematic of two inducible I-SceI expression systems. (1) ecDHFR-I-SceI degradation
through proteolysis is blocked upon addition of the stabilizing ligand trimethoprim. (2) The hsp70 promoter upstream of the I-SceI gene is
activated by shifting for 1 h to 37°C. (RT) Room temperature. (F, top) Representative images of immunofluorescence staining for γH2Av
(green) in third instar larvalwing disc cells. (Blue)DAPI (DNA). (Bottom) Quantification of the percentages (+SD) of nuclei that contain one
γH2Av focus is plotted for samples treated for 3 h with the DMSO control (black bars) or trimethoprim (gray bars). n≥ 4 independent ex-
periments, ≥500 wing or leg disc cells each. (∗) P-value≤ 0.05; (∗∗) P-value≤ 0.002; (n.s.) not significant (P = 0.2), two-tailed unpaired Stu-
dent’s t-test.
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observed H3K9me3 patterns, heterochromatic DR-white
integrations were spatially close (500 nm) to the AACAC
repeat, whereas the euchromatic DR-white insertion on
chromosome 2 was, on average, 1200 nm separated from
the AACAC repeat (Fig. 1D).

In order to temporally control DSB formation, we used
two different inducible I-SceI expression systems (Fig.
1E). Fusing I-SceI to an ecDHFR degradation domain
(ecDHFR-I-SceI) allows I-SceI protein stabilization after
addition of the ligand trimethoprim (Cho et al. 2013).
Hsp70.I-SceI is a heat-shock-inducible system with
hsp70 promoter-dependent I-SceI expression (Fig. 1E;
Rong and Golic 2003). Three hours after incubating larval
imaginal discs containing both ecDHFR-I-SceI and DR-
white in medium containing trimethoprim, 4%–8% of
cells showed one γH2Av focus compared with 1%–3%
in controls (DMSO only) (Fig. 1F), indicating that single
DSBs can be temporally induced using the ligand-depen-
dent system. Expression of ecDHFR-I-SceI after feeding
larvae trimethoprim did not produce visible cell cycle de-
fects or reduce organismal or cell viability, ruling out
specific cell cycle or lethality-associated effects of the
ecDHR-I-SceI system (Supplemental Fig. S1B–D). The
hsp70.I-SceI transgene was more efficient at inducing sin-
gle DSBs, since 13%–20% of imaginal disc cells contained
a single γH2Av focus 6 h after heat shock compared with
4% in control tissue (no heat shock) (Supplemental Fig.
S1E). We conclude that both systems temporally induce
single DSBs at DR-white loci. In addition, after induction,
there were no consistent differences in γH2Av foci num-
bers between euchromatic and heterochromatic loci
(Fig. 1F; Supplemental Fig. S1E), ruling out the possibility
that heterochromatin regions are less accessible to cleav-
age by I-SceI.

Live imaging reveals dynamic movement of single
DNA damage foci in heterochromatin

We previously discovered that IR-induced DNA damage
foci in heterochromatin move to the periphery of the
domain in Drosophila cultured cells (Chiolo et al. 2011).
To determine whether similar movements occur after
single DSB induction in vivo, we generated DR-white
fly lines that express ecDHFR-I-SceI and red fluorescent
protein (RFP)-tagged HP1a (marks the heterochromatin
domain). To visualize DSBs, these flies also express
mu2 tagged with enhanced yellow fluorescent protein
(eYFP); mu2, the Drosophila ortholog of mammalian
MDC1, binds to γH2Av and is recruited to DSB sites early
in repair (Fig. 2A; Stucki et al. 2005; Dronamraju and Ma-
son 2009).

We tracked the nuclear localization of eYFP-mu2 focus
appearance and disappearance with respect to the RFP-
HP1a heterochromatin domain (Fig. 2A). As expected,
the majority (∼80%) of mu2 foci in cells containing eu-
chromatic DR-white insertions first appear outside of
the HP1a domain. In contrast, ∼70% of foci in cells con-
taining heterochromatic insertions first appear inside or
at the periphery of the HP1a domain (Fig. 2A). Ten percent
to 15% of mu2 foci associated with DSBs at heterochro-

matic DR-white insertions arose inside the HP1a domain
and moved to the domain periphery within one time
frame (10 min), where they were subsequently resolved;
i.e., disappeared (Fig. 2A, dark-blue bars). Thirty percent
to 50% of mu2 foci in cells containing heterochromatic
DR-white insertions appeared at the periphery and stayed
there until the mu2 focus resolved (Fig. 2A, red bars). This
behavior likely reflects our inability to capture initialmu2
focus localization inside theHP1a domain due to low time
resolution (one image every 10 min). Alternatively, some
of the uncut DR-white insertions could reside at the HP1a
domain periphery,making it difficult to see the spatial dy-
namics observed for foci originating within the HP1a
domain. Regardless, we conclude that the temporal and
spatial relocation dynamics for I-SceI-induced single
breaks in live tissues recapitulated our previous observa-
tions for IR-induced foci in cultured Drosophila cells
(Chiolo et al. 2011). Interestingly, we also observed a small
subset of foci (5%–10%) that first appeared in the HP1a
domain and were resolved without peripheral movement.
This suggests that a small subset of heterochromaticDSBs
does not move to the periphery and could complete repair
within the heterochromatin domain.

In addition to data on the spatialmovement ofmu2 foci,
live imaging also allowed direct assessment of the kinet-
ics of mu2 focus appearance (onset of DSB repair) and dis-
appearance (resolution of repair foci; this is not an
absolute measure of the repair timing due to the possible
persistence of γH2Av and mu2 after repair is finished)
(Mah et al. 2010). Studies using IR in mammalian cells
suggested that heterochromatic DSBs display slower re-
pair rates compared with euchromatic DSBs (Goodarzi
et al. 2008; Beucher et al. 2009). However, we found that
the average time required to resolve mu2 foci was not sig-
nificantly different between three heterochromatic and
three euchromatic insertions (Fig. 2B). DSBs in both chro-
matin regions showed similar kinetics; 50% of mu2 foci
disappeared within 60 min after appearance, and the
time from appearance to disappearance displayed a wide
range in the remaining 50% of foci, from ∼60 to >350
min (Fig. 2B). We conclude that although there are site-
specific differences in mu2 foci kinetics (Fig. 2, cf. D con-
trols and E controls [black lines]), there are no significant
differences in the average rate of mu2 focus disappearance
at euchromatic versus heterochromatic loci, in contrast to
previous findings (Goodarzi et al. 2008).

Live imaging reveals that disruption of HR or NHEJ
pathways delays repair kinetics at both heterochromatic
and euchromatic DSBs

HRhas been reported to be themajor pathway responsible
for repair of DSBs in heterochromatin (Beucher et al. 2009;
Chiolo et al. 2011). We previously found that depletion of
DmRad51 (HR protein, Rad51, encoded by spn-A) in Dro-
sophila cultured cells, but not depletion of DmKu70 (en-
coded by Irbp) or DmKu80 (encoded by Ku80) (NHEJ
proteins), resulted in defective relocalization and aberrant
accumulation of DNA damage foci within heterochroma-
tin following IR (Chiolo et al. 2011).
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To more directly analyze the impact of HR and NHEJ
pathways on repair of I-SceI-induced single breaks in
vivo, we depleted HR proteins DmRad51 or DmCtIP/
CG5872 (required for initiating 5′-to-3′ end resection)
(You and Bailis 2010) or the NHEJ protein DmKu70 by
RNAi (Fig. 2C–E). Live analysis revealed that knockdown
of DmRad51, DmCtIP (Fig. 2D,E left), or DmKu70 (Fig.
2D,E right) resulted in significant delays inmu2 focus res-
olution for both euchromatic (Fig. 2D) and heterochromat-
ic DSBs (Fig. 2E). For example, we observed that after DSB
induction at the heterochromatic site 3het_1, 50% ofmu2
foci in controls resolved within 50 min, which increased
to 150 and 200 min upon DmRad51 or DmCtIP knock-
down, respectively (Fig. 2E left). We also investigated
whether the absence of HR or NHEJ repair caused defects
in the relocalization of single heterochromatic DSBs.
Depletion of DmRad51, DmCtIP, or DmKu70 did not re-

sult in detectable DSB relocalization defects in live analy-
sis (Supplemental Fig. S2A), although it is possible that
more subtle effects weremissed due to the limited tempo-
ral resolution of this analysis. DmKu70 or DmRad51
knockdown did not alter cell cycle progression in the ab-
sence of single breaks, indicating that the effects on foci
kinetics are not due to DmKu70 or DmRad51 RNAi-
induced cell cycle delays before break induction (Supple-
mental Fig. S2B). In addition, RNAi-mediated depletion
of vermillion, a protein involved in Drosophila eye pig-
mentation, did not result in a significant delay in mu2 fo-
cus disappearance, ruling out the possibility that RNAi
pathway activation is responsible for the observed changes
in mu2 focus kinetics (Supplemental Fig. S2C). We con-
clude that, in contrast to previous studies, both HR and
NHEJ proteins are required for DSB repair in both chroma-
tin environments.

Figure 2. Live imaging of single-break dynamics
in euchromatin and heterochromatin. (A, left) Rep-
resentative images of mu2-YFP focus dynamics
(green) with respect to the HP1a domain (red) in
larval wing disc cells. The three most common cat-
egories of mu2 focus dynamics are shown: (1) arise
and resolve outside of the HP1a domain (top), (2)
arise inside the HP1a domain and move to the pe-
riphery (middle), and (3) arise and resolve at the
HP1a periphery (bottom). (Right) Quantification
and categorization of single mu2 focus dynamics.
Bars indicate the average percentage (+SD) of three
independent experiments per DR-white insertion.
n = 30 cells of leg and wing discs imaged per exper-
iment. (B) Time-lapse analysis of single mu2-YFP
focus disappearance (minutes from appearance) in
third instar larval leg and wing discs treated as in
A. The time point of mu2 focus appearance was
set at t = 0 for each individual focus. n = number
of DR-white insertions imaged for either hetero-
chromatin (HC) or euchromatin (EC); at least 90
cells (=single mu2 focus) were analyzed per inser-
tion. Error bars indicate +SEM. (n.s.) P-value =
0.2295, log-rank (Mantel-Cox) test. Dashed line in-
dicates the time it took for 50% of mu2 foci to dis-
appear. (C ) Lysates from Actin-GAL4-expressing
(−) or Actin-GAL4 and UAS.DmRad51-expressing
(left) or UAS.DmKu70 RNAi-expressing (middle)
third instar larvae were immunoblotted for tubulin
and DmRad51 (left) or DmKu70 (middle). (Right)
RT–PCR with DmCtIP and actinin-specific primers
on RNA from third instar larvae expressing Actin-
GAL4 (−) or Actin-GAL4 and UAS.DmCtIP RNAi.
(D,E) Wing and leg disc cells with the indicated
RNAi depletions were imaged in the presence
(black lines; GAL4 only) or absence of either
DmRad51 (gray line; left graphs), DmCtIP (blue
line; left graphs), or DmKu70 (gray line; right
graphs) as in B. (n) Number of cells imaged per
condition. (∗∗) P-value < 0.0001, log-rank (Mantel-
Cox) test. Different euchromatin and heterochro-
matin DR-white integrations were imaged with

DmRad51/DmCtIP or DmKu70 RNAi due to genetic limitations. Dashed lines indicate the time it took for 50% of mu2 foci to
disappear.
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Repair product analysis reveals the use of HR, SSA,
and NHEJ repair pathways in heterochromatin

In order tomore directly determinewhich pathways play a
role in heterochromatin DSB repair, we leveraged the DR-
white system to quantitate the frequencies of different
DSB repair products in the male germline (Figs. 1A, 3A;
Do et al. 2014). Single DSBs were induced in both premei-
otic germ cells and somatic cells by exposing DR-white/
hsp70.I-SceI embryos and larvae to heat shock (Do et al.
2014). To assess the frequencies of repair pathway utiliza-
tion in the germline, adult males containing DR-white
and hsp70.I-SceI were crossed with control females:
Red-eyed DR-white progeny indicate an HR repair event
in the paternal male germline (Figs. 1A, 3A). As expected,
we observed HR repair events for all of the DR-white in-
sertions, both heterochromatic and euchromatic (Fig.
3A). Despite suppression of white gene expression in the
heterochromatic DR-white insertions (Fig. 3A, cf. right
and left eyes of F0 generation), red-eyed progeny could still
be quantified for both euchromatin and heterochromatin.
The percentages of red-eyed progeny varied from 10% to
30% among the different DR-white integrations, but,
overall, there were no significant differences in HR fre-
quencies observed for euchromatic and heterochromatic
insertions. The number of germline SSA events in hetero-
chromatic DR-white insertions was relatively low (6%–

8%) and was comparable with numbers observed at a eu-
chromatic DR-white locus (6%) (Supplemental Fig. S3A;
Do et al. 2014). We conclude that, in the male germline,
DSB repair in heterochromatin can occur through HR
and, to a lesser extent, SSA.

The contribution of NHEJ in DSB repair cannot be read-
ily determined by assessing the eye color of the offspring
(Fig. 1A). In addition, we wished to obtain a comprehen-
sive overview of repair events in somatic cells, not only
the germline. Therefore, we induced breaks in flies con-

taining DR-white and I-SceI transgenes and subsequently
PCR-amplified and Sanger-sequenced the upstreamwhite
gene from whole larval genomic DNA (Supplemental Fig.
S3B). This allowed for the identification of HR and NHEJ
repair events (limited to small insertions and deletions
[indels]) but excluded SSA events. The number of identi-
fied repair products, determined using the established
TIDE (tracking of indels by decomposition) algorithm
(Brinkman et al. 2014), varied among integration sites
(16%–40%), possibly reflecting different efficiencies of
I-SceI cutting (Supplemental Fig. S3C,D). However, this
variability was not directly correlated with DR-white in-
sertions in either euchromatin or heterochromatin and
is therefore not simply explained by reduced repair effi-
ciency or reduced accessibility of I-SceI cut sites in hetero-
chromatin. In addition, this result shows that temporal
induction of I-SceI expression using either the ecDHFR
or hsp70 system generates a sufficient amount of repair
products for further detailed analysis.

Next, we determined the proportion of HR and NHEJ
products in somatic cells and identified the exact sequenc-
es present in all NHEJ products using Illumina sequencing
ofDR-white PCR products. This revealed that euchromat-
ic and heterochromatic DSBs generate both HR andNHEJ
repair products (Fig. 3B,C). Surprisingly, only 14%–35%of
identified repair products resulted from HR (Fig. 3B). In
contrast, 65%–86% of identified repair products con-
tained small indels, demonstrating that the majority of
DSBs are repaired byNHEJ (Chiruvella et al. 2013). Sanger
sequencing and TIDE analysis (Supplemental Fig. S3E) re-
vealed similar levels of HR and NHEJ products at specific
DR-white integrations when compared with Illumina se-
quencing (cf. Fig. 3B and Supplemental Fig. S3E).

The majority (99%–100%) (Fig. 3C) of NHEJ products
analyzed contained small, 1- to 4-base-pair (bp) deletions,
with 1-bp deletion products as themost abundant (Supple-
mental Fig. S3F). Further analysis revealed that 1.5%–4%

Figure 3. Sequence analysis of repair products re-
veals utilization of both HR and NHEJ pathways in
heterochromatin (HC) and euchromatin (EC). (A,
left) Schematic of crosses performed for DR-white
germline repair product analysis. DR-white/hsp70
.I-SceI embryos and larvae (0–3 d old) were heat-
shocked for 1 h at 37°C to induce I-SceI expression
and single DSBs and then allowed to develop into
adults.Male DR-white/hsp70.I-SceI adults withmo-
saic white expression were crossed to white mutant
(−) females, and F1 progeny were analyzed for eye
color. (Right) The percentage of red-eyed (white+)
F1 progeny (HR events) in the germline is plotted
for the indicated DR-white insertions. n≥ 7 F0 DR-
white/hsp70.I-SceI males per DR-white insertion.
(B) Illumina sequencing of the upstream white PCR
product from genomic DNA of the indicated DR-
white/ecDHFR-I-SceI larvae that were fed trimetho-
prim. The percentage of readswith insertions and de-

letions (NHEJ; grey bars) or HR products (HR; black bars) over the total pool of reads of detectable repair products is plotted. Bars indicate
average percentages + SD of two independent experiments (larvae) per condition. (C ) Quantification of the percentage of NHEJ products
with deletions (black) or insertions (gray) identified by Illumina sequencing for the indicated DR-white insertions. Bars indicate average
percentages + SD of two independent experiments (larvae) per condition.
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of these deletion products contained microhomologies of
2 to >4 bp (Supplemental Fig. S3G), suggesting that micro-
homology-mediated Alt-EJ (MMEJ) could play a minor
role in both euchromatin and heterochromatin repair.
Cell cycle differences between animals with different

DR-white integration sites could potentially affect the re-
pair pathway analysis. However, comparing cell cycle pro-
files of actively dividing larval wing discs with both
heterochromatic and euchromatic DR-white insertions
(two each) using the Fly-FUCCI system (Supplemental
Fig. S4A; Zielke et al. 2014) did not reveal any overt cell
cycle differences that could impact results from the se-
quence analysis.
In order to confirm the role of HR and NHEJ proteins in

DSB repair in euchromatin and heterochromatin, we per-
formed RNAi-mediated knockdown of DmKu70 (Fig. 4A),
DmRad51 (Fig. 4B), or DmCtIP (Fig. 4C) in DR-white/I-
SceI larvae and analyzed the repair products. DmRad51
or DmCtIP depletion reduced the proportion of TIDE-
identifiable HR events (Fig. 4B,C) for euchromatic and
heterochromatic DR-white integrations, confirming roles
for HR in both chromatin compartments. However,
knockdown of DmRad51 or DmCtIP also significantly re-
duced the total amount of repair products in two of three
and one of two DR-white insertions, respectively (Supple-

mental Fig. S4B,C). This suggests that, in the absence of
DmRad51 or DmCtIP, DSBs either remain unrepaired or
employ an alternative pathway (e.g., SSA) (Do et al.
2014), which is undetectable in this PCR sequence
analysis.
We also observed that DmKu70 depletion significantly

increased the proportion of HR products (Fig. 4A) and de-
creased the proportion of indels (NHEJ) (Supplemental Fig.
S4D,E). Interestingly, in contrast to depletion of HR pro-
teins, loss of DmKu70 was not accompanied by a signifi-
cant decrease in the total amount of identified repair
products (Supplemental Fig. S4D,E). This result suggests
that euchromatic and heterochromatic DSBs can be
repaired by HR in the absence of a functional NHEJ
pathway.
Overall, the frequencies of HR and NHEJ repair prod-

ucts as well as dependency on canonical HR and NHEJ
proteins were similar for both euchromatic and hetero-
chromatic DR-white insertions. Thus, we conclude that
HR andNHEJ are used for DSB repair in both euchromatic
and heterochromatic regions. Finally, DSBs in both chro-
matin domains can use HRwhen NHEJ is inhibited; how-
ever, further studies are needed to determine whether
other repair pathways are used upon loss of HR proteins.

Homologous chromosomes are paired in the presence
and absence of DSB induction but infrequently serve
as a template for HR repair

HR repair in the DR-white reporter system could involve
recombination with homologous sequences in cis using
the downstream iwhite sequence or in trans using white
or iwhite on the homolog or sister chromatid. In Droso-
phila, homologous chromosomes are paired throughout
the cell cycle (Fig. 5A; McKee 2004). The homolog can
be used efficiently as a template for HR in theDrosophila
germline (Rong and Golic 2003), while its use is more lim-
ited in both mammals and yeast (Kadyk and Hartwell
1992; Liang et al. 1998; Johnson and Jasin 2000).
In order to evaluate utilization of the homologous chro-

mosome as a template for HR repair in both euchromatin
and heterochromatin, we first determined whether homo-
logs remain paired after DSB induction. This was ad-
dressed by generating fly lines containing 256 LacO
repeats next to the I-SceI cut site in thematernal homolog
(LacO.I-SceIcut) and 256 TetO repeats (without I-SceI cut
site) in the paternal homolog (TetO) at the same genomic
locus (one heterochromatic and two euchromatic integra-
tions) (Fig. 5B). FISH with TetO and LacO probes showed
that, in actively dividing larval discs, the centroids of the
TetO and LacO signals for both euchromatic and hetero-
chromatic loci were separated by∼ 300 nm in the absence
or presence of DSBs (γH2Av foci) (Fig. 5C). Thus, homo-
logs remain closely associated after DSB induction and
could potentially be used as a template for HR in both eu-
chromatin and heterochromatin.
We assessed the utilization of homologous sequences

on the sister chromatid (or in cis intrachromosomal tem-
plates) versus sequences on the homolog by generating
flies containing only the iwhite gene (iwhite_SNP) plus

Figure 4. Heterochromatic (HC) and euchromatic (EC) DSB re-
pair uses both NHEJ and HR pathways. (A–C ) Quantification of
the relative ratio of HR products over total identified repair prod-
ucts (+SEM) using the TIDE algorithm in the presence (black bars;
GAL4 only) or absence (gray bars; GAL4 +UAS.RNAi) of
DmKu70 (A), DmRad51 (B), or DmCtIP (C ). n≥ 3 DR-white/
I-SceI larvae per condition. (∗) P-value≤ 0.04; (∗∗) P-value≤
0.009, two-tailed unpaired Student’s t-test.
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two silent SNPs (single-nucleotide polymorphisms) in-
serted 15 bp upstream of and 13 bp downstream from
the I-SceI cut site, respectively (Fig. 5D). Crossing iwhi-
te_SNP flies with flies containing a DR-white integration
at the exact same genomic locus results in progeny
with DR-white on one homolog and iwhite_SNP on the
other homolog (Fig. 5D). Recovery of DR-white HR prod-
ucts containing the SNPs identifies HR events with the
homolog. We used specific amplification of the upstream
white gene from DR-white/iwhite_SNP flies expressing
ecDHFR.I-SceI and Sanger sequencing to determine the
presence of HR sequences with and without the SNPs
(Fig. 5D,E). This analysis revealed that the homolog is
used in only 3%–10% of all HR repair events, depending
on the integration site (Fig. 5E). Illumina sequencing of
the upstream white gene in repair products from one eu-

chromatic (2eu_2) and one heterochromatic (3het_1) in-
sertion produced the same frequencies observed with
Sanger sequencing (Fig. 5F). We conclude that HR with
the sister chromatid (or in cis) is strongly preferred for
both heterochromatic and euchromatic DSBs despite con-
stitutive homolog pairing.

This led us to determinewhether the homologmight be
favored as a template for HR repair in the absence of a sis-
ter chromatid. In most organisms, there is limited HR in
the G1 phase of the cell cycle, until S-phase replication
produces sister chromatids (Ciccia and Elledge 2010).
However, constitutive homolog pairing (McKee 2004) as
well as the presence of many repetitive sequences inDro-
sophila heterochromatin suggest that HR repair could po-
tentially occur in G0 or G1. To test this hypothesis, we
compared the frequencies of DR-white/iwhite_SNP HR

Figure 5. Recombination with the homologous chromosome. (A) Schematic of homolog pairing inDrosophila in the G1/S/G2 phases of
the cell cycle. (B, top) Schematic of the LacO.I-SceI[cut-site]/TetO system. 256xLacO.I-SceI[cut-site] (red) insertion on one homolog and
256xTetO (blue) on the other homolog allow for the visualization of the two homologs. (Bottom) Representative images of third instar leg
disc cells stained with LacO (red) and TetO (blue) FISH probes in combination with γH2Av (green) immunofluorescence in the absence
(−γH2Av) and presence (+γH2Av) of a single DSB. (C ) Quantification of images as shown in B. Distance (in nanometers) between the LacO
andTetO FISH centroids is shown in the absence (−γH2Av in LacO; gray dots) or presence of a single DSB (+γH2Av in LacO; red dots). One
dot represents one cell with a LacO and TetO signal. n≥ 50 cells per condition. The black line indicatesmean ± SEM. (n.s.) Not significant
(P-value≥ 0.11), unpaired two-tailed Student’s t-test. (D) HR with the sister chromatid or in cis (intrachromosomal) in the DR-white/
iwhite single-nucleotide polymorphism (SNP) system results in a wild-type white gene (shown at the top). HR with the homolog in
theDR-white/iwhite_SNP system results in awhite gene containing one or two SNPs, which are 15 bp upstreamof and 13 bp downstream
from the iwhite site homologous to the I-SceI cut site. (E) Quantification of the percentage of HR products with SNPs (HR with the ho-
molog) of the total pool of HR sequences (+SEM) using TIDE-Sanger sequencing analysis of the indicated DR-white/iwhite_SNP integra-
tions. n≥ 6 flies per condition. (F ) Quantification of the number of reads containing HR products with SNPs (HR with the homolog; red)
and wild-typewhite (HRwith sister or in cis; black) by Illumina sequencing (+SD). n = 2 larvae per condition. (G, top) Schematic represen-
tation of single DSB induction in larval (left) and adult (right) brains. Twenty-four hours after heat-shock induction of hsp70.I-SceI, brains
were processed for PCR amplification and Sanger sequence analysis using TIDE. (Bottom) Bars represent the average ratio of HR products
over total identified repair products of three independent experiments (+SEM) for larval (black) and adult (gray) brains with the indicated
DR-white insertions. n≥ 3 brains per condition. (∗∗) P-value≤ 0.0012, unpaired two-tailed Student’s t-test.
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products in mitotically active larval brains with adult
brains, which are mostly composed of differentiated
(G0/G1) cells (Fig. 5G). We heat-shock-induced hsp70.I-
SceI and harvested adult or larval brains 24 h later. Strik-
ingly, the proportion of repair events that usedHRwas sig-
nificantly lower in the adult brains compared with larval
brains, while the total amount of identified repair events
was similar between the two tissues in three of four DR-
white insertions tested (Supplemental Fig. S5). One DR-
white insertion (2het_1) showed a small but significant re-
duction in the total amount of repair products in adults
(18%) compared with larval brains (23%), possibly reflect-
ing a reduced induction of hsp70.I-SceI in adult brains, de-
creasedDSB repair, or the use of an undetected alternative
repair pathway. Nevertheless, HR is inhibited in G0/G1
cells that lack sister chromatids despite the presence of
paired homologs (Fig. 5G). The levels of HR in adult brains
were below the detection limit needed to evaluate the
presence of the SNPs (HR with the homolog), precluding
comparisons with homolog HR frequencies determined
for cycling larval tissues (Fig. 5E,F). We conclude that lev-
els of HR with the homolog remain low in the G0 and G1
cell cycle phases, wherewe observed thatNHEJ is the pre-
ferred pathway for DSB repair in both euchromatic and
heterochromatic regions.

Discussion

Here we describe the successful integration and use of a
singleDSB system inDrosophila heterochromatin and eu-
chromatin, which allowed us to analyze live DSB spatial
dynamics and kinetics. To assess utilization of the two
main repair pathways (HR and NHEJ), we also performed
a detailed sequence analysis of DSB repair products from
euchromatic and heterochromatic sites. We conclude
that both chromatin regions employ these two repair
pathways at similar frequencies, with NHEJ being the
most prominent repair pathway used. In addition, we
show that the homologous chromosome can be used as
a template for HR repair, but sister chromatid (or in cis) se-
quences are preferred. Finally, HR levels drop significantly
in differentiated adult brains, revealing cell cycle regula-
tion inDrosophila that is similar to that inmany other or-
ganisms independently of whether the DSB is located in
heterochromatin or euchromatin.
Mobility of DSBs has been observed at both euchromat-

ic and heterochromatic sites (Chiolo et al. 2013; Dion and
Gasser 2013). However, the movement of heterochromat-
ic foci is distinct. Heterochromatic DSBs initiate early re-
pair events, move outside the heterochromatin domain,
and ultimately associate with the nuclear periphery,
where they recruit Rad51 and continue HR repair (Chiolo
et al. 2011; Ryu et al. 2015). We observed that the move-
ment of multiple heterochromatic DSBs induced by IR
in cultured cells is also displayed by single DSBs in animal
tissues. Thus, the distinct spatio–temporal responses at
heterochromatic DSBs occur independently of the num-
ber or type of DSBs induced and, importantly, in animal
tissues and not only cultured cells. Furthermore, this sug-

gests that other damaging events induced by IR, such as
oxidative stress, are not themain cause of heterochromat-
ic DSB relocalization.
The observations that (1) the majority of heterochro-

matic DSBs are repaired by NHEJ, (2) 70% of breaks be-
come associated with the heterochromatin periphery,
and (3) repair focus movement was unaltered after either
DmRad51, DmKu70, or DmCtIP depletion suggest that
DSBmovement is not limited to breaks undergoingHR re-
pair.We therefore propose thatDSB relocalization is an in-
trinsic, global response for both HR and NHEJ repair in
heterochromatin. We previously determined that canoni-
cal heterochromatin proteins are important for the periph-
eral movement of IR-induced DSBs (Chiolo et al. 2011),
and it will be important to determine whether DNA
damage-specific changes to these proteins (e.g., post-
translational modifications or complex composition) are
involved in the movement of heterochromatic DSBs and
whether the requirements differ for HR andNHEJ. Indeed,
mammalian cell studies suggest that ATM-dependent
phosphorylation of Kap1 is important for resolution of
DSBs associated with heterochromatin, indicating that
specific phosphorylation events could occur in different
chromatin regions to promote repair (Goodarzi et al.
2008). In addition, this single-break system will facilitate
high temporal and spatial resolution imaging to elucidate
the precise chromatin movements and proteins involved
in DSB relocalization.
Although heterochromatic DSBs have been suggested

to be repaired more slowly compared with euchromatic
DSBs in mammals (Goodarzi et al. 2008), we observed
no difference in mu2 repair focus kinetics (time from ap-
pearance to disappearance) between euchromatic and het-
erochromatic DSBs (Fig. 2). Previous studies focused on
IR-induced breaks (Goodarzi et al. 2008; Noon et al.
2010; Chiolo et al. 2011), which are known to create a va-
riety of DSB ends and other types of DNA damage (Obe
et al. 1992). It is therefore possible that these different
types of DSB ends could require a longer time for repair,
specifically in heterochromatic regions. In addition,
the kinetics of break repair might also depend on the spe-
cific euchromatic and heterochromatic domains where
the break is induced. Application of similar single-break
systems is needed to directly address the kinetics and reg-
ulation of repair responses in these distinct types of chro-
matin in mammals.
We previously identified a prominent role for HR in re-

pair of heterochromatic breaks by observing an accumula-
tion of IR-induced repair foci within heterochromatin
after DmRad51 or DmRad54 knockdown in Drosophila
cells but not after DmKu70 or DmKu80 depletion (Chiolo
et al. 2011). However, in the present study, using livemu2
foci analysis of single DSBs, we observed a delay in repair
after DmRad51, DmCtIP, or DmKu70 knockdown, dem-
onstrating that both HR and NHEJ pathways play a role
in the timely repair of heterochromatic breaks (Fig. 2).
More importantly, DNA sequence analysis revealed that
NHEJ is used more frequently than HR (∼80% vs.
∼20%, respectively) for all tested heterochromatic and eu-
chromatic DR-white insertions (Fig. 3).
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A possible explanation for this difference is that our
previous study used IR and fixed Drosophila cultured
cells. The variety and multiple number of DNA breaks
induced by IR (Obe et al. 1992) could require different
repair pathways and depend more on HR specifically
in heterochromatin. In contrast, the relatively simple
single breaks produced by I-SceI are more similar to
DSBs induced by replication fork collapse and, with lim-
ited processing, might be more easily repaired by NHEJ.
In addition, the percentage of cultured Drosophila
cells in S and G2 is higher (>95%) (Chiolo et al. 2011)
than in the larval tissues analyzed here (∼50%) (Supple-
mental Figs. S1D, S4A), which could explain the ob-
served differences in repair pathway utilization.
Regardless, the more direct and extensive analyses pre-
sented here provides definitive evidence that repair of
a simple DSB in whole tissues occurs via NHEJ more
frequently than HR repair for both euchromatic and het-
erochromatic DSBs.

Previous studies using DSB reporters in Drosophila
have found relatively low levels of NHEJ utilization for
DSB repair in euchromatic regions and high levels of
SSA (Rong and Golic 2003; Preston et al. 2006; Johnson-
Schlitz et al. 2007; Do et al. 2014). In addition, we identi-
fied a relatively low (3%–10%) usage of the homolog as a
template for HR (Fig. 5E,F), in contrast to a male germline
repair study that identified∼45%of HRwith the homolog
(Rong and Golic 2003). One major difference between our
study and other published studies is that the DR-white
system introduces multiple in cis and in trans HR tem-
plates, which could compete with use of the homolog
and reduce the number of identified HR events with the
homolog.

Another important issue that can account for the ob-
served differences in repair pathway dependency and ho-
molog utilization is that here we mostly analyzed
somatic cell repair products in the whole animal, in con-
trast to the exclusive focus on premeiotic male germline
events in the other studies. Variations in chromatin signa-
tures as well as cell cycle differences in whole larvae ver-
sus premeiotic germline cells could account for different
repair outcomes. In addition, all germline studies are lim-
ited to phenotypic analyses of offspring, which may not
provide as much information as repair product sequence
analysis.

Although we found that themajority of heterochromat-
ic DSBs use either the HR or NHEJ pathway, we cannot
rule out the involvement of other pathways in heterochro-
matinDSB repair. The percentage of identified SSA events
in heterochromatin in germline repair experiments was
relatively low (6%–8%) and comparable with euchromat-
ic DSBs (Supplemental Fig. S3A; Do et al. 2014). Other
studies using DSB repair reporters revealed a more prom-
inent role for SSA in euchromatic DSB repair in Droso-
phila, ranging from 45% to 85%, depending on the
reporter (e.g., length of resection required for annealing)
and repair templates present (Rong and Golic 2003; Pres-
ton et al. 2006; Johnson-Schlitz et al. 2007). The presence
of an HR repair template in the vicinity of the DSB can ef-
ficiently compete with SSA for repair (Rong and Golic

2003). Therefore, the multiple HR repair templates pre-
sent in the DR-white reporter system used here (Fig. 1A;
Do et al. 2014) could reduce SSA utilization when com-
pared with other reporter systems.

Nevertheless, in the absence of effectiveNHEJ orHR re-
pair, alternative pathways such as SSA or Alt-NHEJ/
MMEJ might become more important (Chan et al. 2010;
Do et al. 2014; Ceccaldi et al. 2015). We observed that in-
hibition of NHEJ results in increased utilization of HR
without a decrease in the total number of repair events
(Fig. 4; Supplemental Fig. S4). However, it is unclear
whether pathway “switching” can occur when HR is in-
hibited, since depletion ofDmRad51 andDmCtIP reduced
the total identified repair events in some but not all se-
quenced samples (Supplemental Fig. S4B,C). Thus, alter-
native repair pathways whose products could not be
identified with these methods could repair DSBs in the
absence of an active HR pathway. These alternative path-
ways are known to cause structural chromosomal changes
(Chiruvella et al. 2013) and therefore might be more
prone to induce aberrant repair products that could severe-
ly affect chromosome structure (e.g., dicentrics and acen-
trics). It will be of interest to analyze the role of alternative
repair pathways in distinct chromatin regions and deter-
mine whether there are differences with respect to aber-
rant repair in the absence of canonical HR and NHEJ
pathways.

Our results require refinement of our model for how
DSB spatio–temporal dynamics and heterochromatin
proteins contribute to repairing heterochromatic DSBs
in a manner that ensures genome stability. First, the
demonstration in this study that homologs are infre-
quently used for HR repair even in noncycling cells sug-
gests that in cis (e.g., tandem repeats) or sister chromatid
exchange events are more likely to be used for “safe” HR
repair. Second, the identification of a major role for
NHEJ in heterochromatin DSB repair suggests an addi-
tional mechanism for ensuring genome stability. Specif-
ically, NHEJ could circumvent the harmful chromosome
aberrations that result from recombination between re-
peats on nonhomologous chromosomes and avoid conse-
quences of recombination with sister chromatid or in cis
templates, which result in DNA loss or gain and genera-
tion of extra chromosomal circles (Peng and Karpen
2007).

In sum, we developed a targeted single-break system in
specific heterochromatic regions and confirmed that sin-
gle DSBs in heterochromatin display spatio–temporal dy-
namics in in vivo larval tissue similar to those previously
observed for multiple DSBs after IR exposure in cultured
cells. In addition, we revealed a prominent role for both
the NHEJ and HR repair pathways in DSB repair indepen-
dently of whether the break is induced in euchromatic or
heterochromatic regions. Future research using this sin-
gle-break system will facilitate more detailed investiga-
tions of how DSB repair is regulated in these distinct
nuclear compartments (including the roles of chromatin
dynamics and developmental stages) and how disease
states associated with genome instability are impacted
by defects in heterochromatin DSB repair.
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Materials and methods

Fly lines and genotyping

Flies were grown at room temperature on standard medium, ex-
cept where otherwise noted. Embryo injections and generation
of DR-white, iwhite_SNP, LacO[256x].I-Scecut-site, TetO[256x],
eYFP-mu2, and ecDHFR-HA.I-SceI fly lines were performed by
BestGene, Inc. An overview of the MiMIC integration sites and
primers used for creating and genotyping DR-white, iwhite_SNP,
LacO[256x].I-Scecut-site, and TetO[256x] fly lines is in Supple-
mental Table S1. yw; DR-white.y+ (DR-white_2eu_1), yw;
hsp70.HA.I-Sce,Sco/CyO, and yw; +; hsp70.HA.I-Sce,Sb/TM6B,
Tb,Hu flies were described previously (Do et al. 2014). Transgenic
fly lines expressing RFP-HP1a from its endogenous promoter
were a kind gift from Dr. Hong Wen (Wen et al. 2008). The
RNAi lines used were UAS-DmKu70 RNAi (BloomingtonDroso-
phila StockCenter, 29594),UAS-DmRad51RNAi (ViennaDroso-
phila Resource Center, 13362), UAS-DmCtIP (CG5872) RNAi
(Bloomington Drosophila Stock Center, 36622; Vienna Droso-
phila Resource Center, 100035), and UAS.vermillion RNAi
(Bloomington Drosophila Stock Center, 50641). Act5C-Gal4
transgenes integrated on chromosome 2 (Bloomington Droso-
phila Stock Center, 4414) or chromosome 3 (BloomingtonDroso-
phila Stock Center, 3954) were used for driving UAS.RNAi
expression. Fly-FUCCI integrated on chromosome 3 (Blooming-
tonDrosophila Stock Center, 55124) was used for cell cycle anal-
ysis. Genotyping was performed by lysing flies or larvae using the
Phire animal tissue direct kit (Thermo Fisher) according to the
manufacturer’s guidelines. Information on the cloning of con-
structs and plasmids is in the Supplemental Material.

DR-white repair analysis

Quantification of germline DR-white repair products was per-
formed as previously described (Do et al. 2014). SSA PCR was
performed using primer sets described in Supplemental Table
S1. Quantification of somatic repair products in DR-white+

I-SceI+ larvae was performed by inducing I-SceI expression in
larvae.

ecDHFR system DR-white femaleswere crossedwith ecDHFR-I-
SceI males on food containing trimethoprim, which allows first
through third instar DR-white; ecDHFR-I-SceI larval progeny to
consume food containing 40 μM trimethoprim and stabilize
ecDHFR-I-SceI protein. Third instar DR-white; ecDHFR-I-SceI
larvae were harvested and lysed for sequence analysis. To prepare
food, 1 g of Carolina Biological blue food (Formula 4-24 Instant
Drosophila medium; blue) was mixed with 3 mL of nondistilled
water containing 3.2 μL of 100 mM trimethoprim while
vortexing.

Hsp70.I-SceI system DR-white females were crossed with
hsp70.I-SceImales. TheDR-white/hsp70.I-SceI second instar lar-
vae were heat-shocked for 1 h at 37°C and then harvested and
lysed for sequence analysis after 24 h. A detailed explanation of
the sequencing analysis is in the Supplemental Material.

FISH, EdU, and immunofluorescence (IF) staining

For IF, FISH, and FISH-IF stainings, imaginal discs were fixed as
described previously (Dernburg 2012) and stored at −20°C in
95% ethanol. For all stainings, slides were thawed at room tem-
perature andwashed (dehydrated) in PBS for 20min. Detailed pro-

tocols for IF, EdU staining, FISH, and FISH-IF as well as the
generation of FISH probes are in the Supplemental Material.

Imaging

Images of wing, leg, or eye disc cells were acquired using a 60× oil
immersion objective (N.A. 1.40) on a Deltavision microscope
(Deltavision Spectris; Applied Precision, LLC), and images were
deconvolved using SoftWoRx (Applied Precision, LLC). Time-
lapse images were acquired once every 10 min. Image analysis
and focus tracking of deconvolved images was performed manu-
ally using Fiji image analysis software.
For live mu2 foci tracking or Fly-FUCCI analysis, third instar

discs were pipetted on a slide in 10 μL of Schneider S1 medium
supplementedwith 10%FBS. A 22 × 22-mmnumber 1.5 coverslip
(VWR) was placed on top of the discs, as described before (Lerit
et al. 2014). For mu2 focus tracking, the medium was supple-
mented with 400 μM trimethoprim.

ChIP-qPCR

Larvaewere ground using amortar and pestle and liquid nitrogen.
The powder was homogenized using a pestle A and B glass
douncer in PBS 1 mM EDTA (pH 8.0). Fixation, nuclear extrac-
tion, and sonication of third instar larval tissues were subse-
quently performed as described previously (Riddle et al. 2011).
ChIP was performed as described elsewhere (O’Geen et al. 2011)
using 3 μg of H3K9me3 or H3K36me3 antibody and 2 μg of
third instar larval chromatin. Enrichment for H3K9me3 and
H3K36me3 was quantified by qPCR using absolute blue qPCR
SYBR low ROX mix (Thermo-Fisher Scientific) and primers spe-
cific for the I-SceI (cut site) as well as the yellow (H3K9me3) or
rp49 (H3K36me3) gene as an internal control. qPCR was per-
formed on the 7500 Fast real-time PCR system (Applied Biosys-
tems). Primer sequences are in Supplemental Table S1.

RT–PCR

RNAwas isolated by homogenizing single larvae in 200 μL of Tri-
zol. After addition of 60 μL of chloroform and centrifugation,
RNA from the aqueous phase was purified using an RNAeasy
kit (Qiagen). cDNA was synthesized using SuperScript III (Invi-
trogen) and oligo dT primers (IDT) following standard cDNA syn-
thesis protocol (Invitrogen). PCR was subsequently performed on
the cDNA with gene-specific primers (Supplemental Table S1).

Immunoblotting

Larvaewere lysed in 30 μL of lysis buffer (20mMTrisHCl, 10mM
KCl, 1.5 mMMgCl2, 200 mMNaCl, 0.1%NP40) for 30 min at 4°
C and subsequently boiled for 5 min at 95°C in the presence of
SDS loading buffer (5× diluted). Tenmicroliters of the total lysate
was separated by SDS-PAGE and transferred to nitrocellulose
membranes (Whatman), which were blotted with primary anti-
bodies overnight at 4°C. Peroxidase-coupled or fluorescently la-
beled secondary antibodies and ECL (GE Healthcare) or
Odyssey scanning (Li-cor) were used to visualize protein bands,
respectively.

Antibodies

Primary antibodies used for Western blotting were rabbit anti-
DmKu70 (1:1000; a gift from Dr. Donald Rio), rabbit anti-
DmRad51 (1:2000; a gift from Jim Kadonaga), and mouse anti-
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tubulin (1:5000; Sigma). Primary antibodies used for IF were
mouse anti-HA (1:1000; ab130275), rabbit anti-γH2av (rabbit
[1:250; Rockland] or mouse [1:250; Developmental Studies Hy-
bridoma Bank, UNC93-5.2.1]), mouse anti-Cyclin A (1:10; Devel-
opmental Studies Hybridoma Bank, A12), rabbit anti-Ser10
phospho Histone H3 (1:1000; Upstate Biotechnology, 06-570),
and rabbit anti-cleaved caspase3-Asp175 (1:500; Cell Signaling
Technology, 9661). ChIP antibodies used were rabbit anti-
H3K36me3 (ab9050) and rabbit anti-H3K9me3 (ab8898). Second-
ary antibodies used were Alexa 568 goat anti-rabbit or Alexa 488
goat anti-mouse for IF (1:500; Thermo-Fisher Scientific), goat
anti-rabbit-HRP or goat anti-mouse-HRP (1:10,000; Thermo-
Scientific) for ECL, and donkey anti-mouse-680 or donkey anti-
rabbit-800 (1:10,000; Li-cor) for use on the Odyssey (Li-cor).
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