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DNA double-strand break movement in heterochromatin
depends on the histone acetyltransferase dGcn5
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Abstract

Cells employ diverse strategies to repair double-strand breaks (DSBs), a dangerous form of DNA damage that threatens genome integrity. Eu-
karyotic nuclei consist of different chromatin environments, each displaying distinct molecular and biophysical properties that can significantly
influence the DSB-repair process. DSBs arising in the compact and silenced heterochromatin domains have been found to move to the het-
erochromatin periphery in mouse and Drosophila to prevent aberrant recombination events. However, it is poorly understood how chromatin
components, such as histone post-translational modifications, contribute to these DSB movements within heterochromatin. Using irradiation as
well as locus-specific DSB induction in Drosophila tissues and cultured cells, we find enrichment of histone H3 lysine 9 acetylation (H3K9ac) at
DSBs in heterochromatin but not euchromatin. We find this increase is mediated by the histone acetyltransferase dGenb, which rapidly localizes
to heterochromatic DSBs. Moreover, we demonstrate that in the absence of dGcn5, heterochromatic DSBs display impaired recruitment of the
SUMO E3 ligase Nse2/Qjt and fail to relocate to the heterochromatin periphery to complete repair. In summary, our results reveal a previously
unidentified role for dGen5 and H3K9ac in heterochromatic DSB repair and underscore the importance of differential chromatin responses at
heterochromatic and euchromatic DSBs to promote safe repair.
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DNA double-strand breaks (DSBs), in which both strands of
the DNA helix are severed, are one of the most harmful lesions
known to occur in genomes. DSBs can be caused by both ex-
ogenous and endogenous sources, and when repaired improp-
erly can directly result in the formation of aberrant chromo-
some structures linked to genetic diseases and cancer (1-4).
The two main DSB repair pathways in eukaryotic cells are
homologous recombination (HR) and non-homologous end-
joining (NHE]). HR requires 5’ to 3’ end-resection at the DSB

vades and perfectly copies a homologous sequence to safely
repair the DSB. In contrast, NHE] involves simple ligation of
the DSB ends, but often results in small nucleotide insertions
or deletions at the repaired site (5,6).

How different chromatin environments influence the cel-
lular response to DSBs is less well understood (7). Eukary-
otic nuclei can be roughly subdivided into two types of
chromatin: euchromatin, which is characterized by a more
open conformation and contains most of the transcriptionally
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active protein-coding genes, and heterochromatin, which is
more compact and relatively gene poor. Constitutive hete-
rochromatin is one of the most prominent types of heterochro-
matin and is enriched at pericentromeric and subtelomeric
regions. It contains highly repetitive DNA sequences, which
are enriched for histone H3 Lysine 9 di- and tri-methylation
(H3K9me2/3) and its epigenetic reader protein Heterochro-
matin Protein 1a (HP1a in Drosophila, HP1x in mammals)
(8-13). Moreover, constitutive heterochromatin often coa-
lesces into one or a few cytologically distinct domains in in-
terphase nuclei (14,15), which represent biocondensates that
form through the specific biophysical properties of HP1a
(16,17).

The compacted nature of heterochromatin influences the
response to DSBs arising in this compartment. It has been
previously found that efficient repair in heterochromatin re-
quires a chromatin reorganization step through the displace-
ment of several core components, such as HP1 and KRAB-
associated protein-1 (Kapl), which are respectively phos-
phorylated by ataxia telangiectasia mutated (ATM) and ca-
sein kinase 2 (CK2) upon damage induction (18-24). These
events are thought to promote heterochromatin relaxation,
thus overcoming the physical barrier imposed by heterochro-
matin and allowing DSB repair. In line with this, chromatin
decompaction has been observed at damaged pericentromeric
heterochromatin (PCH) in different species (25-28).

Moreover, the highly repetitive sequence content within
PCH makes this domain especially vulnerable to erro-
neous recombination events between homologous sequences
present on non-homologous chromosomes. Previous work
in Drosophila and mouse has revealed that heterochromatic
DSBs can undergo end-resection within the PCH domain, but
only complete HR once relocated to the heterochromatin- or
nuclear-periphery (25,28-30). This DSB movement is thought
to prevent aberrant HR repair within the repeat-rich hete-
rochromatin domain (25,31).

Several proteins have been found to be rapidly recruited
to heterochromatic DSBs and promote DSB movement and
HR repair. These include the structural maintenance of chro-
mosomes 5/6 (SMCS5/6) complex and the associated Nse2
SUMO E3 ligase (25,29,32). SMCS5/6, as well as the other
two SMC complexes cohesin and condensin, are conserved
throughout the kingdoms of life (33). The characteristic ring
shape of SMC complexes enables them to bring multiple DNA
sequences into close proximity and thereby play a crucial
role in genome folding and organization (33-35). SMC5/6
is known to promote genome stability in various pathways
including chromosome segregation (36,37), telomere mainte-
nance (38) and DNA damage repair (39-42). More specifi-
cally, the recruitment of SMCS5/6 and its SUMO E3 ligase sub-
unit Nse2 [Cervantes (Cerv) and Quijote (Qjt) in Drosophila]
to heterochromatic DSBs is thought to mediate the SUMOy-
lation of target proteins and in turn facilitate heterochro-
matic DSB movement through downstream signaling cascades
(29,32).

Although many histone modifications have been identi-
fied at euchromatic DSB sites (43,44), histone changes at
heterochromatic DSBs remain poorly understood. However,
the distinct molecular and biophysical properties of hete-
rochromatin suggest that DSB repair in this compact re-
gion requires specialized chromatin changes to allow DSB
movement and repair protein recruitment. For example, we
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previously showed that the histone demethylase Drosophila
KDM4A (dKDM4A) specifically promotes the demethylation
of H3K9me2/3 and H3K56me2/3 at heterochromatic DSB
sites, and is required for their movement and repair pathway
choice (45,46). Whether this demethylation is accompanied by
additional changes in heterochromatin composition remains
untested.

In budding yeast and mammalian cells, the acetylation of hi-
stone H3 Lysine 9 (H3K9ac) by the histone acetyltransferase
General Control Non-repressed protein 5§ (GCNS, dGen3 in
Drosophila) is involved in several types of DNA damage re-
pair, such as UV-damage (47), oxidative damage (48), and
DSBs (49,50). While one study reported that loss of GCNS re-
sults in a decrease in H3K9ac levels in cells following damage
induction (48), other studies observed increases (47,49,50).
However, these studies did not distinguish the responses in dif-
ferent pre-existing chromatin environments. It thus remains
to be tested whether different chromatin environments, in
particular the dense constitutive heterochromatin domain,
differentially depend on H3K9ac for repair of damaged
sites.

Using irradiationt of Drosophila tissues and cells in culture,
as well as our previously established in vivo single-DSB (DR-
white) system in Drosophila tissues (30), here we identify a
specific increase in H3K9ac at heterochromatic DSBs. This
H3K9ac is dependent on the histone acetyl transferase dGenS,
which is rapidly recruited to DSBs within the heterochromatin
domain. Moreover, loss of dGen5 results in defective DSB
movement, as well as impaired recruitment of the SUMO E3
ligase Nse2/Qjt to heterochromatic DSBs. Together, our re-
sults identify a previously unrecognized role for dGenS and
H3K9ac in the movement and repair of DSBs within the com-
pact heterochromatin domain.

Materials and methods

Constructs

ATRIP, Qjt, dGenS, elp3, Mu2 and HP1a were each cloned
from cDNA generated from wild type Oregon-R adult flies.
c¢DNA for each gene was cloned into a pCopia plasmid back-
bone containing an N-terminal fluorescent tag (CFP, YFP, GFP
or mCherry).

Fly lines and genetic assays

All fly lines were reared at 22°C in standard medium un-
less otherwise stated. DR-white fly lines have been previ-
ously described (30). Heterozygous dGcnS [E333st]/+ flies
were obtained from the Bloomington Drosophila Stock Cen-
ter (#9333) and the mei41 [29D] mutant line was kindly pro-
vided by Tin Tin Su. The AAKDM4A [KG04636] deletion mu-
tant was kindly provided by Mattias Mannervik (51). The vi-
ability percentage of dGenS mutants was calculated using the
ratio of adult males heterozygous for dGenS [E333st] com-
pared to wild type offspring. The viability percentage of ATR
and dGcenS double mutants was calculated using the ratio of
adult males hemizygous for mei41 [29D] and heterozygous
for dGenS [E333st] compared to males hemizygous for mei41
[D29] and wildtype for dGen5. Mei41 [29D] resides on the X
chromosome and hemizygous mutant males without exoge-
nous DNA damage do not have significant viability problems
(52).
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Chromatin immunoprecipitation-quantitative PCR
(ChlIP-gPCR)

Third instar larvae from DR-white fly lines containing the
hsp.I-Scel transgene were heat-shocked at 37°C for 1 h and
snap-frozen in liquid nitrogen 6 h after heat-shock treat-
ment. Larvae from DR-white fly lines not containing the
hsp.I-Scel transgene were used as controls and subjected to
the same heat-shock treatment. Frozen larvae were stored at
—80°C until chromatin extract preparation. For chromatin
extract preparation, 80 larvae per line were homogenized,
fixed and sonicated as described within the modENCODE
project (https://www.encodeproject.org/documents/f8 90fde6-
924¢-4265-260f-¢5810401066d/, ChIP protocol by Kevin
White lab) (53). ChIP procedures were performed on chro-
matin extracts as previously described (54). Each ChIP sam-
ple was prepared with 2 pg of chromatin extract and 5
ug of anti-H3K9ac antibody. For the yH2Av ChIP, 2 ug of
chromatin and 20 ul of anti-yH2Av antibody were used.
qPCR was used to quantify the enrichment levels of histone
marks of interest using the qPCR FastStart Universal SYBR
Green Master Mix (Roche) and qPCR specific primers tar-
geting the [-Scel site (3xp3) or the yellow gene as a control
(Supplementary Table S1).

Cell culture, dsRNA production and transfection

S2 and Kc167 (Kc) cells were cultured at 27°C in Schnei-
der’s insect medium (Sigma-Aldrich) containing 10% FBS and
CCM3 serum-free medium (HyClone) respectively. For RNAi
experiments, dsRNA was generated by first adding a T7-
promoter sequence to the region of interest via PCR, followed
by reverse transcription using the MEGAScript T7 transcrip-
tion kit (Life Technologies) according to the manufacturer’s
instructions (Supplementary Table S1). 5-10 ug of dsRNA
were used to transfect 200 000 cells 5 days prior to irradi-
ation. As a control, dsSRNA targeting the yellow gene was al-
ways included. For live imaging experiments, cells were trans-
fected with fluorescent proteins of interest approximately 6
h prior to dsRNA transfection. For live imaging of Qjt, Kc
cells were transfected with GFP-Qjt and Hygromycin resis-
tance plasmids. Cells were selected for 2 weeks using 200
ng/ml Hygromycin to generate Kc cells with stable GFP-Qjt
expression. All transfections were performed using TransIT-
2020 transfection reagent (Mirus) according to the supplier’s
manual.

v-Ray irradiation

Irradiation was performed by exposing cells to 5 Gy (0.0289
Gy/s) of y-rays in an IBL 437C machine at 22°C. The source
of y-rays is 137-Cs decay.

Reverse transcription-quantitative PCR (RT-qPCR)

Knock down efficiency was verified by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). Cells
transfected with dsSRNA were harvested after 5 days and RNA
was extracted using the RNeasy Micro Kit (Qiagen) accord-
ing to the manufacturer’s instructions. cDNA was obtained
by using the iScript cDNA synthesis kit (BioRad). RT-qPCR
reaction, using cDNA as template, was performed on a ther-
mocycler using primers targeting tubulin as control. To test
mRNA levels in dGen5 [E333st] larvae, RNA extraction and
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RT-qPCR were conducted as previously described (46) (see
Supplementary Table S1 for primers used).

Immunofluorescence (IF) and EdU staining

For IF staining on cells in culture, fixation was achieved by
incubating cells with 4% paraformaldehyde (PFA) in PBS for
5 min. Next, cells were incubated with 0.4% Triton-X diluted
in PBS for 10 min to allow for permeabilization. Blocking was
subsequentially performed by adding 5% milk, 0.4% Triton-
X diluted in PBS for 1 h. Primary antibodies were incubated
overnight at 4°C, followed by secondary antibody and DAPI
incubation for 2 h at room temperature, all diluted in block-
ing solution. Finally, cells were mounted on glass slides us-
ing ProLong Diamond Antifade Mountant (Invitrogen). For
IF staining of tissue, wing discs were dissected from third in-
star larvae in 10 pl of Schneider’s Insect Medium containing
10% FBS and fixed on a glass slide with 4% PFA for 5 min.
Slides were dipped in liquid nitrogen and stored at -20°C in
99% ethanol. Slides were brought to room temperature, in-
cubated in PBS for 20 min and subsequently blocked in 5%
milk, 0.4% Triton-X diluted in PBS for 1.5 h. The following
steps (primary and secondary antibodies incubation, mount-
ing on glass slide) were performed as described above for fixed
cells. For EdU staining, Kc cells were incubated with 10 uM
EdU for 30 min. EAU detection was performed according to
Click-iT EdU Imaging Kits Protocol (Invitrogen).

Antibodies and dilutions

For ChIP-qPCR, experiments were performed with the anti-
H3K9ac (Epicypher 13-0020, 13-0033) antibody and the anti-
YH2Av (Hybridoma Bank, UNC93-5.2.1) antibody. For IF
experiments on tissues and cells, the following primary an-
tibodies were used: anti-H3K9ac (rabbit, Epicypher 13-0033,
1:500), anti-yH2Av (mouse, Hybridoma Bank, UNC93-5.2.1,
1:250), FlexAble Coralite Plus 555 conjugated anti-H3K9me3
(rabbit, ab8898, 1:500). The following secondary antibodies
were used: Alexa goat anti-rabbit 488 (1:600), Alexa goat
anti-mouse 568 (1:600) (Invitrogen).

Imaging and quantifications

Images were acquired using a widefield fluorescence micro-
scope (DeltaVision Spectris, Applied Precision, LLC) using a
60x oil immersion objective (NA 1.40). For live imaging ex-
periments, Z-stack images (22 slices with 0.5 um Z spacing)
were acquired every 10 min. Deconvolution was performed
using the SoftWoRx (Applied Precision, LLC) software with
the following parameters: deconvolution method was set as
‘conservative’ and the number of processing cycles used was
seven. Image analysis was manually performed on deconvo-
luted images using Fiji software. For Figure 1E, F, quantifica-
tion of H3K9ac intensity levels was performed as follows: for
non-irradiated cells, regions of interest (ROIs) were manually
drawn around the H3K9me3-weak regions (euchromatin) and
H3K9me3-rich regions (heterochromatin) of each cell and the
mean H3K9ac intensity was measured therein. Since Z-stacks
(40 slices of 0.2 um distances) were acquired during imaging,
for each cell the quantification was conducted on the Z sec-
tion displaying the most intense and focused H3K9me3 signal.
For irradiated cells, YH2Av foci were used to identify DSBs,
and H3K9me3 staining was used to determine euchromatin
(low intensity H3K9me3 signal) and heterochromatin (high
intensity H3K9me3 signal). Only cells displaying at least one
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DSB in heterochromatin were included in the analysis. In some
cells, after damage induction small H3K9me3-high foci can be
found to localize inside the H3K9ac-high region of the cells
(which indicates euchromatin); these H3K9me3-high regions
were excluded from quantification, since it has been reported
that H3K9me3 could be newly deposited at euchromatic DSBs
(55). A region of interest was drawn around DSBs in euchro-
matin and heterochromatin and the H3K9ac intensity inside
the regions was measured. Finally, the H3K9ac background
signal (intensity of H3K9ac outside cells) was subtracted from
the measurements.

RNA-sequencing procedure

Kc cells were depleted of dGenS5 or yellow (control) for 5 days
using dsRNA as described above. Cells were harvested and
RNA was isolated using the RNeasy Micro Kit (Qiagen). The
quality and quantity of the RNA samples was measured us-
ing the Agilent Fragment Analyzer 5300 system and Qubit
(Invitrogen) respectively. 100 ng of total RNA was used to
prepare TruSeq Stranded mRNA libraries (20020594) follow-
ing the manufacturer’s protocol with custom 384 xGen UDI-
UMI adapters (IDT). Prepared libraries were validated with
the Fragment Analyzer system dsDNA 910 Reagent Kit (35-
1500 bp) and Qubit dsDNA HS Assay Kit (Cat. Q32854). All
libraries were then pooled in equimolar ratio and sequenced
on a Nextseq2000 (Illumina) by using a P2 flow cell with 50
bp paired-end reads.

RNA-sequencing data analysis

Quality control on the sequence reads from the raw FASTQ
files was performed with FastQC (v0.11.8). TrimGalore
(v0.6.5) was used to trim reads based on quality and adapter
presence after which FastQC was again used to check the
resulting quality. rRNA reads were filtered out using Sort-
MeRNA (v4.3.3) followed by alignment to the reference
genome fasta (Drosophila_melanogaster. BDGP6.32) using
the STAR (v2.7.3a) aligner. Follow-up QC on the mapped
(bam) files was performed using Sambamba (v0.7.0), RSeQC
(v3.0.1) and PreSeq (v2.0.3). Readcounts were then generated
using the Subread FeatureCounts module (v2.0.0) with the
Drosophila_melanogaster. BDGP6.32.105.chr.gtf file as anno-
tation. CPM and RPKM Normalized versions of the counts
table were generated using the R-packages edgeR (v3.28) as
well as a normalized version using DEseq2 (v1.28). The dif-
ferential expression analysis was performed using DESeq2.

Statistics and graphs

All statistical analysis were performed in GraphPad Prism.
Plots were generated in Python using Panda, Seaborn and mat-
plotlib.

Results

The histone acetyl transferase dGcnb deposits new
H3K9ac marks at heterochromatic double-strand
breaks

In order to gain insights into the influence of chromatin fac-
tors on the process of DSB repair in heterochromatin, we
sought to determine changes in chromatin composition as-
sociated with heterochromatic DSBs. We previously observed
demethylation of histone H3 Lysine 9 di- and tri-methylation
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(H3K9me2/me3) at heterochromatic DSBs (46). We hypothe-
sized that additional chromatin changes, such as histone acety-
lation (26), could be required to overcome the compact hete-
rochromatic state and promote DSB movement and repair. To
test this, we employed our previously established DR-white
single DSB system in Drosophila (Figure 1A) (30). In this
system, the DR-white construct is integrated in a single eu-
chromatic or pericentromeric heterochromatic (PCH) locus
in the fly genome and contains an 18 base-pair recognition
sequence targeted for DSB induction by the I-Scel endonucle-
ase. To induce the expression of I-Scel and the consequent for-
mation of DSBs, we heat-shocked third instar larvae contain-
ing one eu- or hetero-chromatic DR-white insertion as well
as a heat-shock inducible I-Scel (hsp.I-Scel) transgene. ChIP-
qPCR (Chromatin Immuno-precipitation (ChIP) followed by
quantitative PCR (qPCR)) was performed on chromatin ex-
tracts upon I-Scel-dependent DSB induction (Figure 1B). In-
terestingly, we observed that the levels of the histone mark
Histone H3 Lysine 9 acetylation (H3K9ac) increased at DSBs
in three of the five heterochromatic DR-white lines (1.6-2.8-
fold increase), whereas H3K9ac levels decreased or remained
unchanged at three euchromatic insertion sites (Figure 1C,
Supplementary Figure S1A). All DR-white loci were enriched
for the DSB marker phosphorylated H2Av (yH2Av) following
I-Scel expression, ruling out that differences in H3K9ac lev-
els are due to variations in cutting efficiency (Supplementary
Figure S1B-D). Importantly, internal controls demonstrate
that the antibodies used in these experiments selectively bind
H3K9ac nucleosomes (Supplementary Figure S2A, B).

Previous work by others in mammalian cells as well as bud-
ding yeast have reported both the accumulation and the reduc-
tion of H3K9ac levels at DNA damage sites (47-50). However,
our ChIP-qPCR results indicate that increases in this histone
mark are specific to DSBs in heterochromatin. This suggests
that H3K9ac is differentially regulated in response to DSBs
depending on the pre-existing chromatin domain.

It has been reported that H3K9ac deposition in Drosophila
mainly depends on the histone acetyl transferase (HAT)
dGenS5 and to a lesser extent on Elp3 (56-59). To assess which
of these two HATs could be responsible for the acetylation
of lysine 9 on histone H3 in Drosophila, we knocked down
both proteins via RNA interference in Drosophila Kc cells
(Supplementary Figure S2C, D), followed by immunofluores-
cence staining for H3K9ac. We find that depletion of dGen3,
but not Elp3, leads to decreased nuclear H3K9ac levels in
undamaged cells, supporting the notion that dGenS repre-
sents the major acetyltransferase for H3K9ac in Drosophila
(Supplementary Figure S2E, F) (60).

Next, to test whether dGenS or Elp3 are recruited to het-
erochromatic DSBs, we fluorescently tagged these proteins
in Drosophila cells in culture. We combined their expres-
sion with fluorescently tagged HP1a (heterochromatin pro-
tein 1a) to visualize heterochromatin, and Mu2 (binds yH2Av,
MDC1 homolog) to visualize DSBs. Strikingly, we observed
co-localization of dGenS with DSBs (Mu2) in the HP1a do-
main within 5 min following 5 Gy ionizing radiation (IR) (Fig-
ure 1D), indicating that this HAT can be directly recruited to
DSBs within heterochromatin. Consistent with previous ob-
servations, Elp3 localizes to the cytoplasm in undamaged cells
(61), and this pattern was not affected by the induction of
DSBs upon exposure to 5 Gy IR (Supplementary Figure S2G).
Together, this suggests that dGen3, but not Elp3, localizes
to heterochromatic DSBs and represents the main H3K9ac
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Figure 1. H3K9ac is increased at heterochromatic DSBs in a dGecnb-dependent manner. (A) Schematic representation of the DR-white system in
Drosophila. The DR-white construct is integrated in a single euchromatic or heterochromatic locus in the fly genome to generate different lines
(nomenclature as in (30)). The DR-white construct contains an 18-bp DNA sequence targeted by the |-Scel endonuclease, resulting in the formation of a
single DSB (30). (B) Scheme detailing the DSB induction protocol in DR-white fly lines. Chromatin was extracted 6 h after DSB induction. DSBs were
induced by a 1 h heat-shock (37°C) of third instar DR-white larvae containing a heat-shock promoter-driven I-Scel transgene (hsp./-Scel). To control for
heat-shock effects, all conditions (without/with hsp./-Scel) are heat-shocked. (C) ChIP-gPCR analysis of H3K9ac levels at indicated DR-white loci. The
gPCR primers reside 1.4 kb downstream of the |-Scel cut site ('3xp3’ in Figure 1A). Fold change is calculated by dividing the H3K9ac enrichment levels in
the damaged (+DSB, +I-Scel, Supplementary Figure S1A) samples by those in the controls (~DSB, no (=) I-Scel Supplementary Figure S1A). The grey
dotted line represents a fold change of 1, in which H3K9ac levels are unchanged upon DSB induction. All gPCR results are relative to an internal control
region (yellow), which is consistently enriched for H3K9ac. Error bars represent mean + SD from >4 independent experiments. (D) Representative
time-lapse images of non-irradiated (no IR) and irradiated (5 min after 5 Gy gamma-radiation) Kc cells with fluorescently tagged Mu2 (green, DSB
marker), dGenb (blue) and HP1a (magenta, heterochromatin marker). Dashed lines outline the nuclei. Insets are zoom-in views of Mu2, dGecnb and HP1a
colocalization. Scale bar = 2 um. (E, F) Quantification of H3K9ac intensity levels in heterochromatin (E, H3K9me3-enriched, immunofluorescence
stainings performed as in Supplementary Figure S2H) and euchromatin (F, low H3K9me3, see Supplementary Figure S2H) at DSBs in non-irradiated
versus irradiated control (yellow dsRNA), dGenb-depleted and dKDM4A-depleted Kc cells. Irradiated cells were fixed 5-10 min after damage induction.
Error bars represent mean + SD from >3 independent experiments. (¥) P-value < 0.05, (**) P-value < 0.01, (***) P-value < 0.001, paired t-test. If not
shown, P-value not significant (>0.05). Figure 1A was created with Biorender.com.
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transferase in Drosophila cells. We therefore focused our sub-
sequent analyses on the potential role of dGcn$ at heterochro-
matic DSBs.

The observed localization of dGenS to DSBs in hete-
rochromatin, and the general role for dGenS in H3K%ac
(56) (Supplementary Figure S2E, F), led us to hypothesize
that dGcenS could be responsible for the observed increase in
H3K9ac levels at heterochromatic DSBs (Figure 1C). Thus,
we irradiated control and dGcenS-depleted cells and quanti-
fied the H3K9ac intensity levels in euchromatin (H3K9me3-
low) and heterochromatin (H3K9me3-high) at DSBs (visual-
ized by YH2Av) (Supplementary Figure S2H) 5 min after dam-
age induction (Figure 1E). In line with our ChIP-qPCR results
at single DSBs in vivo (Figure 1C), we find a significant in-
crease in heterochromatic H3K9ac levels after irradiation of
cells in culture (Figure 1E). In contrast, the H3K9ac increase
was more modest and not significant in damaged euchromatic
regions (Figure 1F). This result further supports the idea that
H3K9ac levels are differentially regulated in damaged euchro-
matin and heterochromatin. Importantly, depletion of dGen$
abolished the damage-dependent increase in H3K9ac levels,
suggesting that dGenS5 is required for the deposition of new
H3K9ac marks at the sites of heterochromatic DSBs (Figure
1E, F, Supplementary Figure S2H).

We previously found that the repair of heterochromatic
DSBs depends on the removal of H3K9me2/3 by the demethy-
lase dIKDM4A (45,46). Since methylated histone residues are
chemically resistant to other types of epigenetic modifica-
tions, we hypothesized that dKDM4A-mediated demethyla-
tion is necessary for the deposition of H3K9ac at heterochro-
matic DSBs. To test this, we irradiated control and dKDM4A-
depleted cells and quantified the H3K9ac intensity levels at
DSBs in euchromatin and heterochromatin (Supplementary
Figure S3A, Figure 1E, F). Surprisingly, we found that the ab-
sence of dKDM4A did not affect the increase in H3K9ac lev-
els at heterochromatic breaks. In line with our observations
in cultured cells, we found that H3K9ac levels at heterochro-
matic DSBs were also unaffected in irradiated wing discs
from homozygous dKDM4A mutant larvae (AdKDM4A)
(Supplementary Figure S3B) (46,51). This suggests that the
H3K9ac marks at DSBs in heterochromatin are not deposited
on the same histones demethylated by dKDM4A, and there-
fore indicates that H3K9 demethylation and acetylation are
two independent events occurring at heterochromatic DSBs.

In conclusion, our data reveal that the histone acetyl trans-
ferase dGenS5 is rapidly recruited to heterochromatic DSBs and
deposits new H3K9ac marks at the damaged sites. Moreover,
this heterochromatin-specific increase in H3K9ac occurs inde-
pendently of dKDM4A-mediated H3K9me2/3 removal.

dGcnb promotes timely movement and repair of
heterochromatic DSBs

In Drosophila, heterochromatic DSBs relocate to the
heterochromatin- and nuclear-periphery within 30 min after
irradiation (25,29,30). Since we observed a heterochromatin-
specific increase in dGenS-mediated H3K9 acetylation as
early as 5§ min after irradiation (Figure 1D-F), we hypothe-
sized that this local post-translational modification is one of
the factors that promote heterochromatic DSB movement. To
test this, we depleted dGenS in Drosophila cells in culture and
assessed the presence of DSBs (yH2Av foci) in heterochro-
matin (DAPI bright (25,62)) and euchromatin (DAPI weak)
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at specific time points following 5 Gy irradiation (Figure 2A).
Consistent with earlier findings (25), we find that the num-
ber of heterochromatic DSBs in control cells peaked 10-20
min after irradiation (Figure 2B). This peak was followed by
a steep decrease in the number of YH2Av foci located within
heterochromatin, indicative of DSB movement and repair
(Figure 2B) (25). Cells depleted of dGenS acquired the same
number of heterochromatic DSBs within a similar timeframe
as control cells (Figure 2B). However, the number of DSBs
remained high within the heterochromatin domain (30-180
min after irradiation) and did not decline as steeply as in
control cells (Figure 2A, B). These results suggest that loss
of dGenS5 results in delayed heterochromatic DSB movement
when compared to the control. In euchromatin (DAPI weak),
we did not observe any difference in number of DSBs between
control and dGen5 RNAI cells within 0-180 min after damage
induction (Figure 2A, C).

Finally, we observed that 24 h after irradiation the num-
ber of heterochromatic DSBs in dGcnS5-depleted cells was
still significantly higher than in control cells, indicating that
the absence of dGcenS$ leads to persistent defects in DSB re-
pair (Supplementary Figure S4A). We also observed persistent
DSBs in euchromatin 24 h after irradiation, possibly reflect-
ing an indirect effect of inefficient heterochromatic DSB re-
pair (Supplementary Figure S4B). Altogether, our data indicate
that knockdown of dGen35 specifically results in impaired het-
erochromatic DSB movement.

Our results suggest that the demethylation of H3K9me3 by
dKDM4A is not a pre-requisite for the dGenS-mediated depo-
sition of new H3K9ac marks at heterochromatic DSBs (Fig-
ure 1E, F). dGenS and dKDM4A might therefore be involved
in two separate pathways that both promote DSB movement
and repair in heterochromatin. In order to investigate this,
we depleted dGenS and dKDM4A in Drosophila cells in cul-
ture and assessed the number of DSBs remaining in the het-
erochromatin domain 120 min after irradiation (Figure 2D,
E, Supplementary Figure S4C, D). As previously reported by
us (46), single depletion of dKDM4A led to an increase in
DSB foci within heterochromatin, indicative of a defect in
DSB movement (Figure 2D). Interestingly, simultaneous de-
pletion of dGenS and dKDM4A led to an additive effect on
the number of DSB foci remaining within heterochromatin
when compared to their single depletions (Figure 2D). More-
over, the combined depletion of dGenS and dKDM4A did not
cause an additive repair defect in euchromatin (Figure 2E).
We conclude that the additive effect on heterochromatic DSB
accumulation observed in dGenS and dKDM4A co-depleted
cells suggests that H3K9ac and H3K9me2/3 demethylation
are two independent histone modifying events that both pro-
mote heterochromatic DSB movement.

Previous studies found that heterochromatic DSB move-
ment is predominantly associated with repair by HR (25,28).
Early HR steps (e.g. end-resection) occur within heterochro-
matin, whereas the later steps of HR (i.e. Rad51 assembly)
resume only after DSBs have moved outside of the heterochro-
matin domain (25). Since our data reveal a delayed hete-
rochromatic DSB movement upon dGcenS knockdown (Fig-
ure 2A, B), we wished to address whether the early HR pro-
cess within the heterochromatin domain would be affected in
the absence of dGenS. ATR Interacting Protein (ATRIP) is one
of the proteins involved in early HR repair by binding to the
RPA-ssDNA complex (63) and has been found to be efficiently
recruited to both eu- and hetero-chromatic DSBs (25,63). We
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performed live imaging of fluorescently tagged ATRIP within
the heterochromatin domain (visualized with HP1a) follow-
ing 5 Gy irradiation in the absence and presence of dGenS. By
following ATRIP foci kinetics (time from appearance to dis-
appearance) as well as its dynamics (movement) in the HP1a
domain, we find that, in the absence of dGen5, ATRIP foci
in the HP1a domain display defective movement (Figure 3A—
C). In the control situation, ATRIP foci remained on average
16 min in the HP1a domain (Figure 3C), after which they ei-
ther move (52%, Supplementary Figure S4E) or get resolved
within the domain. This is in line with previous live imaging of
DSBs in fly tissues (30), which revealed that when DSBs arise
inside the heterochromatic domain, they either move towards
the heterochromatin periphery to complete repair or stay in-
side the domain and get resolved. These immobile DSBs repre-
sent a smaller percentage of damage foci and could potentially
reflect repair by alternative mechanisms (e.g. NHE], MME],
SSA) (30).

When compared to control cells, ATRIP foci in dGenS
depleted cells remained twice as long inside the HP1a do-
main (on average 41 min) before they moved out (32%,
Supplementary Figure S4E) or resolved (Figure 3A-C). This
result is consistent with the observed retention of YH2Av foci
within heterochromatin in irradiated fixed cells (Figure 2). We
do not find a defect in initial ATRIP recruitment to DSBs in
heterochromatin (Supplementary Figure S4F), indicating that
early end-resection steps can occur in the absence of dGenS
and that, specifically, later steps (DSB movement and repair)
are significantly delayed.

To exclude that the observed DSB repair defects are due
to changes in expression of DSB repair genes, we performed
bulk RNA-sequencing (RNA-seq) of dGenS-depleted and con-
trol cells. These data reveal that the expression of known
DSB repair genes remained unchanged upon dGen5 deple-
tion (Supplementary Figure S5A, Supplementary Tables S2
and S3). In addition, dGenS knockdown had no significant
effect on the expression of cell-cycle regulated genes or cell-
cycle progression based on RNA-seq data and EdU staining
respectively (Supplementary Figure SSA, B, Supplementary
Table S4).

Together, these results suggest that H3K9 acetylation, me-
diated by dGen3, plays a crucial role in promoting the move-
ment and HR repair of heterochromatic DSBs and functions
independently of dKDM4A.

dGcnb promotes the recruitment of the SUMO E3
ligase Nse2/Qjt to heterochromatic DSBs

Our results reveal that dGenS is required for the movement
of heterochromatic DSBs (Figures 2 and 3), and therefore
we sought to investigate the mechanism through which dGen$
contributes to this process. One of the most important reg-
ulators of DSB movement in heterochromatin is Drosophila
Nse2 (Cervantes/Quijote), a SUMO E3 ligase that is part of
the SMC5/6 complex (32). In order to test the impact of
loss of dGenS on Drosophila Nse2, we monitored the effect
of dGenS depletion on the recruitment of Quijote (Qjt) to
hetero- and eu-chromatic DSBs. We irradiated cells to induce
the formation of DSBs and subsequently performed live imag-
ing of fluorescently tagged Qjt and HP1a (Figure 4A-C). In
line with previous studies (29,32), we find that Qjt overlaps
with the complete heterochromatin domain (defined by HP1a)
in non-irradiated cells, and that Qjt foci form in both eu- and
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hetero-chromatin upon irradiation (Figure 4A—C). These pre-
vious studies also showed that Qjt foci remain in the dam-
aged heterochromatic domain until ~10 min after DSB in-
duction, then move outside of the domain (29,32). Interest-
ingly, although we did not observe any difference in the ap-
pearance of YH2Av foci in heterochromatin 10 min after ir-
radiation in control cells (Figure 2B), we do find that dGcnS-
depleted cells display a decreased number of Qjt foci inside
the HP1a domain (Figure 4B). Importantly, this phenotype
was specific for Qjt recruitment to heterochromatic DSBs, as
we observed no difference in the number of Qjt foci within
euchromatin upon dGen35 depletion (Figure 4C). This result
suggests that dGenS promotes the recruitment of Qjt to het-
erochromatic DSBs, which is subsequently required for effi-
cient and timely DSB movement outside the HP1a domain.
Altogether, the DSB movement defects (Figures 2 and 3) and
the impaired Qjt recruitment in dGenS-depleted cells (Figure
4) suggest that dGenS, and the dGenS-dependent increase in
H3K9ac at heterochromatic DSBs, act as key players in the
DSB movement pathway in heterochromatin by stimulating
the recruitment of crucial regulatory factors, such as Qjt, to
the damaged heterochromatin domain.

dGcenb mutant flies depend on ATR for their survival

In order to confirm the contribution of dGen$ to heterochro-
matic DSB repair in vivo, we employed dGen5 heterozygous
mutant flies that contain a premature stop codon on residue
333 (dGenS [E333st]/+) (Figure 5A) (58). dGenS mutant flies
are homozygous lethal but are heterozygous viable; heterozy-
gous mutant larvae display a seventy percent reduction in
dGenS mRNA and a significant decrease in H3K9ac levels
(Supplementary Figure S6A-C) (58,64). We dissected wing
discs tissues from dGen5 [E333st]/+ third instar larvae and
determined the number of DSBs (yH2Av foci) in heterochro-
matin (H3K9me3 region) before and after 5 Gy irradiation
(Figure 5B, C). Consistent with our findings in cultured cells,
we observed that, at 120 min after irradiation, DSBs accumu-
lated in heterochromatin of dGenS mutant tissue, indicating
that the movement of heterochromatic DSBs in vivo also re-
quires dGenS.

Finally, to assess the relevance of dGenS-mediated H3K9
acetylation in living animals, we performed a synthetic lethal-
ity assay using dGenS [E333st]/+ flies. The DNA damage re-
pair kinase Ataxia telangiectasia and Rad3 related (ATR) is
one of the proteins that rapidly respond to DSB events (65).
Moreover, ATR has been shown to promote heterochromatic
DSB movement (25). Combining dGenS [E333st]/+ with an
ATR truncation mutation (mei41 [29D]) (66) results in a 30%
decreased viability (Figure 5D), highlighting the synergistic
roles of dGen$ and ATR in DSB repair. Altogether our results
suggest that dGenS mutant synthetic lethality with ATR is due
to compromised heterochromatic DSB movement and repair.

Discussion

Euchromatin and heterochromatin display different molecu-
lar and biophysical properties that can affect various aspects
of DSB repair, including repair timing, DSB movement and
repair pathway choice (31,44,67). While in recent years re-
search has started to uncover the impact of chromatin com-
ponents on DSB repair, much still remains to be discovered
about how epigenetic changes at DSBs are orchestrated in
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Figure 3. dGcnb is required for DSB movement outside the HP1a domain. (A) Representative time-lapse images of ATRIP foci (green, HR protein) within
the HP1a domain (magenta) in irradiated (5 Gy) control (yellow dsRNA) or dGenb depleted Kc cells. Insets are zoom-in views of heterochromatic ATRIP
foci. Dashed lines enclose the nuclei. Scale bars = 2 pm. (B) Quantification of time-lapse movies as in (A). ATRIP foci movement and kinetics plotted
from their appearance in the HP1a domain (0’, magenta) to the timepoint they moved outside of the HP1a domain (‘out’, grey) or resolved ('disappear’,
black). Each row indicates quantification of one ATRIP focus. (C) Quantification of the mean residence time of ATRIP foci within the HP1a domain. (¥*)
P-value < 0.05, paired t-test. Error bars represent mean + SD from three independent experiments.

different pre-existing chromatin environments (31,44,67).
Here, we find that the movement of DSBs outside the het-
erochromatin domain is accompanied by H3K9 acetylation
to ensure efficient resolution of the damaged DNA. We
used our previously developed inducible single-DSB system
in Drosophila tissues (30), as well as irradiated Drosophila
tissues and cultured cells to reveal that timely repair of het-
erochromatic DSBs depends on the dGenS-mediated depo-
sition of H3K9ac at the site of damage. In the absence of

dGen35, DSBs accumulate inside the HP1a domain and take
twice as long to resolve or relocate outside heterochromatin
(Figure 3). Moreover, we find that H3K9ac at heterochro-
matic DSBs occurs independently of H3K9me2/3 demethy-
lation by dKDM4A, previously identified to be important for
heterochromatic DSB movement and repair (46).

Our data further suggest that defective DSB movement
upon dGen$ loss results from inefficient recruitment of the
SMC5/6 complex component Nse2/Qjt to heterochromatic
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Figure 4. dGcnb promotes Qjt recruitment at heterochromatic DSBs. (A) Representative time-lapse images of Kc cells expressing HP1a (magenta,
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comparison. If not shown, P-value not significant (>0.05).

DSBs. We therefore propose a model in which dGenS me-
diates the local acetylation of heterochromatic H3K9 after
DSB induction. Together with H3K9me2/3 demethylation,
H3K9ac promotes movement and repair of the damaged DNA
by facilitating the recruitment of Qjt to the HP1la domain
(Figure SE).

The finding that H3K9ac levels increase almost exclusively
at DSB sites in pericentromeric heterochromatin (PCH) con-
stitutes novel information. Indeed, previous work has reported
both the accumulation and the reduction of H3K9ac at DNA
damage sites in human and yeast cells (47-50). However, our
in vivo ChIP-qPCR (Figure 1C) and cell data (Figure 1E, F)
reveal that deposition of new H3K9ac marks is specifically
enhanced at heterochromatic DSBs, suggesting that the levels
of this mark are regulated according to the chromatin con-
text in which the DSB is induced. This finding might therefore
explain the conflicting results from previous studies in cells
(47-50), which focused on the general chromatin response to
DSBs, without considering differences in chromatin composi-
tion prior to DSB induction.

We found that two of the five DR-white heterochromatic
lines (3het_2 and 3het_3) did not exhibit increase in H3K9ac
levels at DSBs (Figure 1C), indicating that some degree of vari-
ability exists within the heterochromatin response to DSBs.

We observed no correlation between the YH2Av- and the
H3K9ac-fold change at DSB sites of different heterochromatic
DR-white lines (Supplementary Figure S1, Figure 1), suggest-
ing that the lack of H3K9ac enrichment at 3het_2 and 3het_3
DSBs is not caused by poor cutting efficiency of I-Scel. In ad-
dition, we previously found that the dKDM4A-dependent re-
moval of H3K9me3 at the DR-white sites is efficient across
all heterochromatic lines, indicating that the lack of newly-
deposited H3K9ac at certain heterochromatic loci does not
coincide with reduced removal of H3K9me2/3 (46). Lastly, we
previously measured the levels of H3K9me3 at the undamaged
DR-white heterochromatic loci through ChIP-qPCR (30) and
found no correlation between the undamaged H3K9me3 lev-
els and the post-damage H3K9ac levels across the DR-white
heterochromatic lines, suggesting that the level of ‘heterochro-
matinization’ of a specific locus is not predictive of H3K9ac
levels after damage induction.

Instead, our data suggest that different PCH regions may
have differential H3K9ac dependencies for the repair of DSBs.
For example, the necessity for H3K9ac at heterochromatic
DSBs could potentially depend on the presence of other his-
tone modifications or the localization of heterochromatic loci
within the three-dimensional nucleus. These hypotheses could
be tested in the future by examining the chromatin response to
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Biorender.com.

DSBs induced at many different heterochromatic loci simulta-
neously, for example by adopting an approach similar to the
one recently employed by Schep ef al. (68,69).

Interestingly, we were able to observe dGenS$ localizing to
DSB sites in heterochromatin, in line with previous in vitro
and cell studies which reported dGenS being recruited to
euchromatic DSBs and UV damage sites in both yeast and
humans (47,49,50,70). The finding that dGenS localizes to

heterochromatic DSBs and specifically promotes their move-
ment opens up new research directions. For example, how
is dGen3 recruited to heterochromatic DSBs? Previously, we
showed that movement and repair of heterochromatic DSBs
in Drosophila depend on demethylation of H3K9me3 and
H3K56me3 by the demethylase dKDM4A (45,46). It would
therefore be tempting to hypothesize that dGenS$ recruitment
depends on dKDM4A, which would conveniently allow for
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control of H3K9ac deposition right after the demethylation
of the same residue. However, in this study we find that the
deposition of new H3K9ac marks by dGen5 at heterochro-
matic DSBs does not require dKDM4A, suggesting that dGen$
can be successfully recruited at break sites independently of
dKDM4A. Several factors, including the MRN complex and
the E2F1 transcription factor, have been previously implicated
in promoting the localization of dGenS at euchromatic DNA
damage sites in yeast and mammals (47,49,70). The recruit-
ment of dGen5 to heterochromatic DSBs might therefore de-
pend on one of these proteins, although in this case another
factor would have to confer specificity of the recruitment to
heterochromatic DSBs.

We find that dGenS depletion leads to a decreased num-
ber of Qjt foci in damaged PCH, suggesting that dGenS or
H3K9%ac could also directly promote the recruitment of Qjt
to DSBs. It has been previously reported that Qjt is recruited
to heterochromatic DSBs as part of the SMC5/6 complex
(25,29,32). Since none of the Drosophila SMCS5/6 complex
components possess a bromodomain (BRD, acetyl reader)
(Uniprot database) (71), we hypothesize that the newly de-
posited H3K9ac marks do not act as direct binding sites for
SMCS5/6-Cerv/Qjt at DSBs. Nevertheless, one could envision
a scenario in which Qjt is indirectly targeted by H3K9ac via
an intermediate protein. Interestingly, a recent study in yeast
proposed that dGenS and the SMC5/6 complex can directly
interact, raising the possibility that the localization of Qjt at
heterochromatic DSBs could also directly depend on dGen$
binding (41).

While the SMC5/6 complex is also enriched at euchromatic
DSBs (40), we did not observe a recruitment defect of Qjt to
DSBs in euchromatin upon depletion of dGen5 (Figure 4C).
This suggests that Qjt binding to DSBs in eu- and hetero-
chromatin is regulated through different pathways, where het-
erochromatic DSB recruitment of Qjt is promoted by dGenS5-
mediated H3K9ac, while in euchromatin other pathways are
involved. Finally, we and others observed that Qjt and the
SMC5/6 complex are already broadly enriched in heterochro-
matin in undamaged conditions (25) (Figure 4A), and only be-
come concentrated at specific DSB foci after irradiation. While
the role of the SMC5/6 complex in unperturbed PCH is cur-
rently unknown, one intriguing possibility is that this local-
ization pattern facilitates the fast recruitment of the complex
to DSB sites upon deposition of new H3K9ac marks.

Another plausible role for H3K9ac at heterochromatic
DSBs is the modulation of structural or biophysical properties
of the damaged domain. dGenS$ has been reported to be impor-
tant to promote chromatin accessibility at sites of DSBs and
DNA replication (72,73). Moreover, H3K9ac is associated
with transcription and therefore highly enriched in euchro-
matin (74-76). In the context of a biomolecular condensate
such as heterochromatin (16,17), acetylation has been found
to regulate the physical properties of chromatin by inhibiting
phase separation (77). Therefore, the enrichment of H3K9ac
at heterochromatic DSBs could stimulate the formation of a
more open (euchromatin-like) structure, in order to facilitate
DSB movement as well as the recruitment of certain repair
factors. In line with this hypothesis, previous research has re-
ported that heterochromatin decompaction at sites of DSBs
is accompanied by accumulation of H4K5ac and removal of
H3K9me3 (26). This raises the possibility that several ‘per-
missive” histone marks, and not only H3K9ac, play important
roles during the heterochromatic response to DSB and that,
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perhaps, the function of these newly-deposited marks is to col-
lectively create a repair-permissive environment.

Interestingly, both H3K9me2/3 demethylation and H3K9
acetylation occur at DSBs in PCH. Although both histone
modifying events are necessary for DSB movement, our re-
sults suggest these are two independent pathways. One in-
triguing possibility is that demethylation and acetylation in-
dependently change the biophysical properties of heterochro-
matin to allow repair. As such, demethylation could reduce the
interaction of the DSB with HP1a and thereby locally promote
the decompaction of the PCH domain. In addition, acetylation
could make the chromatin state of the DSB incompatible with
the heterochromatin domain, thereby promoting a more open,
repair-permissive environment.

Interestingly, previous research in Drosophila revealed that
a fraction of DSBs move from the heterochromatic core to
the nuclear envelope, where repair is completed (29). While
actin and myosin have been proposed to mediate the relo-
calization of DSBs between the heterochromatin periphery
and the nuclear envelope, it is currently unknown what pro-
motes the non-directed movement of DSBs from the inside
to the periphery of the PCH domain (78). Our data suggest
a possible mechanism for this step, where the demethylation
and acetylation mediated by dKDM4A and dGen3 respec-
tively could alter the biophysical properties of the damaged
DNA and thereby promote exclusion from the phase sepa-
rated heterochromatin domain, thus triggering the relocaliza-
tion of DSBs to the periphery of the domain. This is indeed in
line with previous work that revealed histone acetylation can
promote heterochromatin decondensation and subsequently
allows DSB repair (26).

Finally, the identified synthetic lethality between ATR and
dGen5 mutant flies suggests that the correct functioning of the
dGenS-mediated DSB movement pathway is important to pre-
serve genome stability. Since both ATR (25) and dGenS (this
study) are required for proper movement of DSBs, we suggest
that the decreased viability associated with the mutations in
both proteins is due to the defective repair of heterochromatic
DSBs. Although we cannot exclude that the synthetic lethal-
ity is caused by the contributions of dGcen$ to the recruitment
of the SWI/SNF remodeling complex to DSBs (49,79), we did
not observe defects in the YH2Av accumulation and resolu-
tion in euchromatin (Figure 2C), suggesting that euchromatic
DSB repair can occur in the absence of dGen5 in Drosophila.

Overall, our results provide an exciting illustration of how
heterochromatin uniquely responds to a DSB and modifies
its chromatin features to promote successful repair. This is in
line with the idea that chromatin components and chromatin-
associated factors actively participate in the process of DSB
repair and are fine-tuned depending on the respective chro-
matin domain (31,46,80). Future research into how diverse
chromatin environments affect and regulate the response to
DSBs therefore represents a critical goal for understanding
not only how genomic stability is maintained across the eu-
karyotic nucleus, but also how failure to maintain genomic
integrity can result in disease development.
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