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Heterochromatin protein 1 paralogs (HP1e, B and y in mammals) are not only central in heterochromatin organization,
but have also been linked to transcriptional activation at euchromatic regions, maintenance of telomere stability and,
most recently, to the DNA damage response (DDR). However, how HP1 proteins contribute to the DDR at a molecular
level, and whether HP1 paralogs within the same organism, as well as their respective orthologs, have overlapping or
unique roles in the DDR, remain to be elucidated. Herein, we have combined the analysis of the efficiency and kinetics
of recruitment of key repair proteins to sites of DNA damage with specific DNA repair assays to demonstrate that human
HP1 paralogs differentially modulate homology-directed repair (HDR) pathways, including homologous recombination
(HR) and single-strand annealing (SSA). We find that while HP1a and B stimulate HR and SSA, HP1y has an inhibitory role.
In addition, we show that the stimulatory role of HP1a and B in HDR is linked to the DNA-end resection step of DNA
breaks, through the promotion of RPA loading and phosphorylation at damage sites. Altogether, our findings provide
mechanistic insight into how human HP1 proteins participate in the recombination process, emerging as important

chromatin regulators during HDR.

Introduction

Both the normal cellular metabolism and external genotoxic
agents constantly threaten genome integrity by inducing DNA
damage.! The elaborate network known as the DNA dam-
age response (DDR) is thus continuously working to preserve
genome stability.! Notably, DDR machineries function within
chromatin, a nucleoprotein complex containing histone and
non-histone proteins.? While histones are central in nucleo-
some organization,® non-histone proteins promote higher levels
of organization and compaction, as in the typical case of het-
erochromatin.*> The heterochromatin protein 1 (HP1) fam-
ily, which comprises three closely related paralogs in mammals
(HP1a, B and +),° represents a prominent group of non-histone
proteins with essential roles in heterochromatin formation/
maintenance and heterochromatin-related gene silencing.” A
current model for HP1 function in pericentric heterochroma-
tin involves SUMOylation of HP1 and non-coding RNA for its
targeting.® Maintenance pathways exploit the interaction of HP1
N-terminal chromodomain (CD) with histone H3 tri-meth-
ylated on Lysine 9 (H3K9me3), a modification that is highly
enriched in heterochromatin,” as well as its capacity to homo-
and hetero-dimerize via its C-terminal chromoshadow domain
(CSD). In addition, several HP1 partners™'® bind to the interface
between two CSDs, which promote the activity of HP1 paralogs
in various nuclear processes, such as transcriptional activation
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and telomere stability."! Interestingly, even though mammalian
HP1 paralogs and their orthologs in other metazoans share high
levels of homology,® they can differ substantially in their proper-
ties and functions,®'"'? as illustrated with HP1y that is mostly
enriched in euchromatin."

Several recent reports have linked mammalian HP1 paralogs,
as well as HP1 orthologs from flies and worms, to key steps of
DNA damage signaling and DNA repair, thus suggesting an
active role for these proteins in the DDR.? Following UV irradia-
tion, exposure to a particles, soft X-rays and laser micro-irradia-
tion, mammalian HP1 paralogs show reproducible accumulation
at sites of damage."*"” While the mechanism of recruitment to
sites of DNA damage for all HP1 paralogs involves their direct
interaction with the largest subunit of the chromatin assembly
factor 1 (CAF-1)," several lines of evidence indicate that their
roles might not completely overlap. In mammalian cells, HPla
knockdown impairs the recruitment of the homologous recom-
bination protein RADS51 to sites of local damage as well as cell
survival after ionizing radiation.” In contrast, knockdown of the
HP1 Drosophila ortholog HP1a does not impair RADS5] recruit-
ment.' Intriguingly as well, knocking-out of C. elegans HP1
orthologs (hpl-1 and hpl-2) leads to opposite outcomes on cell
survival after ionizing radiation (IR): hpl-1 KO shows increased
resistance to IR, while hpl-2 KO is highly sensitive.' Therefore,
it is necessary to sort out the particular contribution of each HP1
paralog in the DDR and the molecular mechanisms at stake.
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Herein, using specific DNA repair assays and exploring the
recruitment of key repair proteins to sites of DNA damage in
mammalian cells, we show that HP1 paralogs impact differen-
tially on the DDR, leading both to inhibition and stimulation
of the repair of double-stand breaks (DSBs) by homologous
recombination. In addition, we show that the HR-promoting
role of HP1 is linked to the stimulation of DNA end resection.
Our results also demonstrate that other resection-dependent pro-
cesses, such as DNA repair by single-strand annealing (SSA), are
similarly affected by HP1 knockdown. Together, these findings
reveal that HP1 proteins are important players during the DDR.
In addition, given their unexpected contrasting impact on DNA
repair efficiency, our data put forward the HP1 family as proteins
with regulatory potential during initial steps of the DDR.

Results

HP1 paralogs differentially modulate homologous recombina-
tion repair. We recently showed that HP1a knockdown in human
cells impairs the recruitment of the recombinase RAD5]1 to sites
of DNA damage and the efficiency of DNA repair by homologous
recombination (HR)."” Here, we decided to study HP1aw and the
other two mammalian paralogs of HP1 (8 and ) under equiva-
lent experimental settings. Initially, using human U20S cells
we set up optimal knockdown conditions for each HP1 paralog
(Fig. 1A). Importantly, HP1 downregulation did not impair cell
cycle progression (Fig. 1A), which is critical for a proper evalu-
ation of DNA repair-associated processes such as HR that is
restricted to S and G, phases of the cell cycle. We evaluated the
impact of HP1 downregulation on RAD51 accumulation at sites
of DNA damage induced by laser micro-irradiation (Fig. 1B). As
expected, HPlaw knockdown inhibited RAD51 recruitment to
sites of DNA damage. In a similar manner, HP1f3 knockdown
also impaired RADS51 accumulation substantially. HP1y knock-
down, however, did not lead to any apparent defect in RADS5I
accumulation, while the amount of DNA damage estimated by
the levels of H2AX phosphorylation was comparable in all cases
(Fig. 1B). We also evaluated the contribution of HP1 paralogs to
the efficiency of HR using a previously characterized and widely
used system to monitor homology-directed repair.”?° This system
assesses the repair of a single DSB induced by the rare-cutting
I-Scel endonuclease within a mutant GFP gene stably integrated
in human cells, which, when repaired by homologous recombina-
tion, generates a wt-GFP. After 24—48 h, GFP expression can be
detected by flow cytometry (Fig. 1C). To monitor and normalize
our data, considering transfection efficiencies for each sample, we
co-transfected I-Scel and RFP encoding plasmids (Fig. 1C). As
a positive control we performed knockdown of CtIP, a key player
in the DNA end resection step of homologous recombination.?
We observed that both HPla and B knockdown led to a sig-
nificant decrease in the efficiency of homologous recombination
(Fig. 1C). This observation is in line with our initial finding show-
ing impaired accumulation of the recombination protein RAD51
(Fig. 1B). Surprisingly, however, upon HP1y knockdown, we
observed a significant stimulation of HR efficiency (Fig. 1C). A
similar stimulatory effect was reported after knocking down the
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NHE] protein KU80.2? This was also observed under our experi-
mental settings (Fig. S1D), thus validating the sensitivity of our
method. We are confident that these cannot reflect off-target
effects, given that we obtained similar findings with two differ-
ent sets of siRNAs for each HP1 paralog, which lead to equiva-
lent levels of knockdown without affecting cell cycle progression
(Fig. S1). Together, these results demonstrate that HP1 paralogs
contribute differentially to the efficiency of HR.

HPla and B but not HP1y promote DNA end resection.
To explore how HP1 proteins impact on HR at a molecular
level, we considered whether RAD51 loading could be affected
due to impaired DNA end resection at the sites of DNA breaks.
Such hypothesis is supported by the fact that HPlaw knock-
down decreases the levels of RPA32 phosphorylation after DNA
damage induction with camptothecin,” thus suggesting that
the processing of single-stranded DNA might be affected. We
thus examined the effect of knocking down the different HP1
paralogs on camptothecin-induced RPA32 phosphorylation and
foci formation (Fig. 2A). As a positive control, we depleted the
resection protein CtIP.?! We observed that HPla and 8 knock-
down impaired both the phosphorylation of RPA (Fig. 2B) and
the efficiency of RPA foci formation (Fig. 2C), without notice-
ably affecting the levels of H2AX phosphorylation (Fig. 2B
and C). Remarkably, these effects of HPla and B knockdown
were comparable to the ones observed after CtIP knockdown
(Fig. 2B and C), thus arguing for an important role of HP1oe and
B in promoting DNA end resection. HP1y knockdown however
only slightly affected RPA phosphorylation and foci formation
(Fig. 2B and C). To further support a distinct contribution of
HP1 paralogs to DNA-end resection, and to avoid misinterpreta-
tions that may arise from the processing of single-stranded DNA
during normal DNA replication, we used laser micro-irradiation
as an alternative to camptothecin to induce DNA breaks. In this
context, while both HPla and 8 proved critical for efficient RPA
recruitment to DNA damage stripes, HP1y knockdown showed
only a marginal defect (Fig. 2D). These differential effects of
HP1 paralogs in DNA-end resection are in agreement with the
effects observed on the recruitment of the downstream HR pro-
tein RADSI (Fig. 1B). We then evaluated the recruitment of the
upstream resection protein CtIP to sites of DNA damage induced
by laser micro-irradiation after HP1 depletion, and found that
accumulation of CtIP occurred without substantial alteration
(Fig. 2E). Thus, these experiments suggest that HPla and B
roles during DNA end resection takes place either downstream
or independently of CtIP.

HP1 paralogs modulate resection-dependent double-strand
break repair. Given the impact of HP1 paralogs on homologous
recombination repair (Fig. 1) and DNA-end resection (Fig. 2),
we decided to explore if HP1 proteins could also influence other
resection-dependent processes. To this end, we initially exploited
a system enabling us to assess the efficiency of homology directed
repair by single-strand annealing (SSA).? In a similar fashion to
the DR-GFP system, this assay relies on the restoration of a GFP
gene that also presents an I-Scel cutting site, which is truncated
by the insertion of 2.7 Kb DNA fragment. When the DSB is
induced by I-Scel transfection, the 2.7 kb fragment is removed
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Figure 1. HP1 paralogs differentially modulate RAD51 recruitment and homology-directed repair. (A) Control of knockdown efficiency and cell cycle
progression after siRNA treatment against the three mammalian HP1 paralogs. We transfected U20S cells with siRNAs against HP1a, HP18 and HP 1,
and 48 h after, we monitored the knockdown efficiency by WB (left panel) and by immunofluorescence (middle panel). Bar: 10 wm. Parallel samples
were also collected for flow cytometry analysis of the cell cycle progression (right panel). (B) RAD51 recruitment to DNA damage sites analyzed by
immunofluorescence 10 min after laser micro-irradiation (as shown in the experimental scheme) in U20S cells treated with the indicated siRNAs.
yH2AX is used as a marker to monitor the efficiency of DNA damage induction. (C) Homology-directed repair efficiency after transient knockdown of
HP1 paralogs normalized to control siRNA. CtIP knockdown is used as a positive control. Error bars: s.d. from three independent experiments. Further
statistical analysis was performed using one-way ANOVA (p < 0.0001), followed by Tukey-Kramer post-test. Knockdown of all HP1 paralogs presented
highly significant differences in their mean compared with siRNA control (*** = p < 0.001).

and the GFP sequence restored by a SSA event (Fig. 3A). To ver-
ify that this method specifically measures SSA, we compared the
effect of the knockdown of RAD52 (which is critical for SSA)
and of BRCA2 (which is critical for HR).? We observed that
BRCA2 knockdown specifically impaired HR, whereas RAD52
knockdown specifically impaired SSA (Fig. 3A). Thus, each assay
proved specific for each HDR mechanism. Strikingly, we found
that in agreement with our results for HR, HPla and B both
promoted SSA, while HP1y impaired it (Fig. 3B).

To further delineate the role of HP1 paralogs in HDR, we
decided to evaluate their potential contribution to sister chroma-
tid exchanges (SCEs), a form of recombination that allows repair
of potentially lethal DNA breaks during DNA replication.*
SCEs can be monitored by the incorporation of bromodeoxyuri-
dine (BrdU) for two DNA duplication cycles, which leads to a
staining gap in one chromatid and a gain of staining in the cor-
responding sister chromatid (Fig. 3C). Upon knockdown of each
HP1 paralog, we observed that HPlow and 3 promoted SCEs
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formation (Fig. 3C). Intriguingly, HPly did not significantly
affect this process (Fig. 3C), thus suggesting that the inhibitory
role of HP1y does not apply to S-phase related HR.

Discussion

Our work provides a first characterization of the distinct specific
contribution of HP1 proteins (HPla, B and v) as regulators of
the DDR in mammals. Supporting our findings, knockouts of
HP1 orthologs in C. elegans (hpl-1 and hpl-2) display contrast-
ing phenotypes in the survival after ionizing irradiation; hpl-1
KO is protective, while hpl-2 KO is detrimental."* Although HP1
proteins diverged substantially during evolution, hpl-1 displays
increased homology with HP1y and hpl-2 with HP1B.° Thus, it
is conceivable that the opposite roles of HP1 proteins in the regu-
lation of HDR are ancestral and well-conserved among eukary-
otes, HP1a and B being stimulatory and HP1vy being inhibitory.
Future work on the evolutionary properties extended to other
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Figure 2 (See previous page). HP1a and HP1@ -but not HP1y- promote RPA loading and phosphorylation at sites of DNA damage independently of
CtIP. (A) Experimental scheme used to induce DNA damage by treating U20S cell with 1wM camptothecin (CPT). After siRNA-mediated knockdown of
HP1e, HP1B, HP1y and CtIP (used as a positive control of the experiment) we examined RPA32 phosphorylation by western blot (WB) and the efficiency
of RPA foci formation by immunofluorescence (IF). (B) WB of U20S cells depleted of HP1 paralogs to analyze the efficiency of RPA phosphorylation af-
ter 90 min of CPT treatment. We monitored the total levels RPA32 and the extent of DNA damage induced using antibodies against RPA32 and yH2AX
respectively. (C) We show a representative field for the efficiency of RPA foci formation after HP1 knockdown using yH2AX as marker of DNA damage
(azoomed nucleus for each siRNA is shown on the top). The numbers depicted of the right corner of the RPA32 panels represent the mean of cells with
distinguishable RPA foci in the yH2AX positive population. 150 yH2AX-positive cells were analyzed in each siRNA-treated sample. Bar: 10 um. (D) We
generated local DNA damage as described in Figure 1B and analyzed by microscopy the accumulation of RPA32 to sites of laser micro-irradiation after
10 min, using yH2AX as control of efficient DNA damage induction. Bar: 10 um. (E) Using laser micro-irradiation we assessed the efficiency of recruit-

ment of CtIP to sites of DNA damage 10 min post-irradiation using yH2AX as control of efficient DNA damage induction. Bar: 10 pm.

organisms could help to deepen our understanding of the mech-
anistic basis of such an opposite behavior of HP1 paralogs on
HDR efficiency. In particular, it will be important to consider
how the ability of HP1 paralogs to heterodimerize” might impact
on their contribution to DNA repair. Furthermore, evaluating if
compensatory mechanisms can be activated due to the deficiency
of a given paralog that could lead to the mislocalization and
malfunction of other paralogs should also be explored. Beyond
the evolutionary aspect, the context of cancer cells will be par-
ticularly interesting to consider given that frequent unbalance
between HP1 paralogs is observed.” In addition, we should also
consider the important role that HP1 proteins play in transcrip-
tional regulation'? and examine whether the different phenotypes
observed herein could also be related, at least in part, to indirect
transcriptional modulation of relevant DDR genes. Thus, tran-
scriptome analysis under conditions of specific knockdown of the
different HP1 paralogs would provide an entry point into this
question that would then deserve a comprehensive study.

A second set of important findings in this work establishes
that HP1 role in HDR is linked to DNA-end resection. Although
it is unlikely that HP1 proteins represent previously unnoticed
core components of the resection machinery, the fact that the
phenotypes observed for RPA accumulation and phosphoryla-
tion in response to DNA damage after HPla and  knockdown
are similar to the ones observed after CtIP knockdown underline
their importance during the resection process. Given that CtIP
recruitment is not affected after HP1 knockdown (Fig. 2E), to
investigate potential links with other relevant proteins that work
downstream CtIP, like the Bloom helicase (BLM) and the exo-
nuclease EXO1,%¢?” will be therefore critical to clarify the role of
HP1 proteins during DNA-end resection.

Finally, an important question that remains open is how
HP1y exerts such an opposite effect compared to HPla and B
during HDR. Our data suggest that such a role is not linked
to an opposite contribution to DNA-end resection or RAD51
recruitment. In fact, while HP1y knockdown does not affect
RADS51 accumulation at damage sites (as HPla and ), we do
not observe an increase in its accumulation that could explain the
stimulation of HR (Fig. 1B and C). A similar conclusion could
be made from the resection data. While HP1vy clearly impacts
differently both RPA phosphorylation and loading at damage
sites, these effects are not simply opposite to the ones observed
for HP1a and B, but rather show a similar trend (Fig. 2). In con-
clusion, while the stimulatory role of HP1la and B could certainly
be linked to the promotion of DNA-end resection, the inhibitory
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role is most likely linked to a different process. More insights into
the molecular mechanisms can be anticipated soon, since several
new interactors have been recently identified for HP1 proteins,”"
including proteins involved in sister chromatid cohesion such as
the cohesins loader NIPBL. In addition, HP1y specifically inter-
acts with TIN2, a central component of the shelterin complex,
an interaction important to promote telomeric cohesion.” These
partnerships open up intriguing possibilities to explain the role
of HP1 paralogs during HDR. Indeed, a recent report shows that
NIPBL recruitment to DNA double-strand breaks requires HP1y
in human cells.”” An exciting hypothesis that arises from these
findings is the existence of an HP1-related mechanism to ensure
that resection only takes place in the presence of a sister chroma-
tid. In this scenario, the HP1 proteins would act to permit the
resection when HR has a chance to be productive. Another, yet
not mutually exclusive, possibility is that HP1 regulates the accu-
mulation of important mediators of the DDR that ultimately
impact on HDR efficiency. In line with this hypothesis, HPla
knockdown impairs both 53BP1 and BRCALI recruitment to sites
of damage."” Given that 53BP1 and BRCA1 have opposite effects
on DNA-end resection,®* further research on this particular
issue would certainly be critical to shed light on the molecular
details of HP1 role during this process.

Materials and Methods

Cell lines, culture and transfection. We used human U20S cells
(provided by J. Bartek, Institute of Cancer Biology and Centre
for Genotoxic Stress Research), U20S DR-GFP (provided by
M. Jasin, Sloan-Kettering Institute) and U20S SA-GFP cells
(described in ref. 34). We cultured all cells lines in DMEM
(Invitrogen) supplemented with 10% (vol/vol) FCS (Eurobio),
100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen) in
a humidified atmosphere with 5% CO, at 37°C. We maintained
U20S DR-GFP and U20S SA-GFP cells in medium supple-
mented with 1 wg/ml puromycin (Invitrogen).

We transfected siRNAs (50—100 nM) into cells at 20-40%
confluence depending on the length of the experiment, using
Lipofectamine RNAIMAX (Invitrogen) according to the manu-
facturer instructions. We performed plasmids transfections using
Lipofectamine 2000 (Invitrogen).

siRNA sequences. The sequences of the siRNA duplexes used
(MWG eurofins) were as follows: siLuciferase (control), CGU
ACG CGG AAU ACU UCG A;* siHPla, #1-CCT GAG AAA
AAC TTG GAT T used in the majority of the experiments®® and
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Figure 3. HP1 paralogs differentially modulate resection-dependent double-strand break repair. (A) On the top panel we show a scheme of the
SA-GFP system that was used to estimate the efficiency of homology-directed repair by single-strand annealing. On the bottom panel we show a com-
parison of the repair efficiency by homologous recombination (HR) and single-strand annealing (SSA) using U20S carrying either the DR-GFP or the
SA-GFP system. (B) We show the results of three independent experiments, depicting the mean and standard deviation of the repair by single-strand
annealing (SSA) normalized to the control siRNA. Statistical analysis was performed using one-way ANOVA (p < 0.0001), followed by Tukey-Kramer
post-test. Knockdown of all HP1 paralogs presented highly significant differences in their mean compared with siRNA control (*** = p < 0.001; **=p <
0.01). (C) Sister chromatid exchange (SCE) efficiency after transient knockdown of HP1 paralogs. On the left panel we show a brief summary of the ex-
perimental protocol used to quantify SCEs. We also show a field at high magnification showing part of metaphase and enhanced images of individual
chromosomes to exemplify the range of the SCEs phenotypes observed. On the right panel we show the result of a representative experiment, plot-
ting the absolute number of SCEs in 20 independents metaphases for each treatment. The dotted line represents the mean. Further statistical analysis
was performed using one-way ANOVA (p < 0.0001), followed by Tukey-Kramer post-test. Knockdown of HP1a and HP1B presented highly significant
differences in their mean compared with siRNA control (*** = p < 0.001). The knockdown of HP1vy leads to not significant (ns) differences in the average

#2-GGA ATG AAC ATG AGA CTT A; siHP1B, #1-AGG AAT
ATG TGG TGG AAA A used in the majority of the experiments®
and #2-AGG TAA GAC AGT AGG GAA A; siHP1ly, #1-AGG
TCT TGA TCC TGA AAG A used in the majority of the experi-
ments*® and #2-GGT GAA CAG TGG TTA ATA A; siCtlP,
GCU AAA ACA GGA ACG AAU C;?*' siKU80 (Dharmacon
Smartpool); siBRCA2, AAC TGA GCA AGC CTC AGT
CAA;7 siRAD52, ACA CAT TAG CCT TGA ACA A.

DNA damage induction. Camptothecin. We treated cells
with 1 WM camptothecin (Sigma-Aldrich) and harvested them
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at the indicated time points. For the generation of sister chro-
matid exchanges, we used 10 nM for the complete length of the
experiment.

Laser-induced damage. To generate localized DNA lesions,
we used as the main technique in this work a method described
previously,” with particular modifications. We pre-sensitized the
cells with 10 pg/ml viable Hoechst dye 33258 (Sigma-Aldrich)
for 5 min at 37°C. We performed laser microirradiation using an
inverted confocal microscope (LSM 510 Meta; Carl Zeiss, Inc.)
equipped with a 37°C heating chamber and a 25-mW 405 nm
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diode laser focused through a 63x Plan-Apochromat/1.4 NA oil
objective. We performed one iteration at a laser output of 50%,
which in our microscope corresponds to a power of < 320 W, as
monitored with a Coherent Fieldmate detector model OP2-vis.
To target a large number of nuclei, we scanned 25 adjacent fields
in a pattern of evenly spaced parallel lines using the tile scan tool
coupled to a motorized stage.

Cell cycle analysis by flow cytometry. We performed cell
cycle analysis as described previously.?® In brief, we collected
siRNA-treated cells by trypsinization using the same culture
media to avoid loosing of detached cells. Then, we pelleted the
cells by centrifugation at 500 g, and we immediately fixed them
in ice-cold ethanol with gentle vortexing. After a minimum of
2 hat -20°C, we pelleted the cells and resuspended them in PBS
containing 50 pg/ml propidium iodide and 50 pg/ml RNase.
We collected the samples using a C6 flow cytometer (Accuri) and
analyzed them using FlowJo software (TreeStar Inc.). We ana-
lyzed a minimum of 10,000 cells/sample.

HR and SSA assays. We used an HR assay generated pre-
viously in U20S cells containing an integrated HR reporter
substrate DR-GFP,"” with some modifications. In brief, 48 h
after siRNA transfection in 35-mm dishes, we cotransfected
U20S+DR-GFP cells with pCBASce, a plasmid expressing
the I-Scel endonuclease and pCS2-mRFP, a plasmid express-
ing mRFP to follow the transfection efficiency (both plasmids
provided by S. Jackson, Wellcome Trust/Cancer Research UK
Gurdon Institute, University of Cambridge). Two days after
I-Scel transfection, we harvested cells and performed flow
cytometry analysis on C6 flow cytometer (Accuri) to determine
HR-mediated DNA repair events. We analyzed the mRFDP-
positive cell population to avoid the bias caused by differences
in transfection efficiencies. We analyzed FACS data by using
CFlow software to evaluate the percentage of GFP-positive cells
relative to the number of mRFP-positive cells (HR efficiency).
We showed the results normalized to control siRNA as a per-
centage of sicontrol. We followed exactly the same protocol to
estimate single-strand annealing using U20S SA-GFP cells that
were established previously.**

Antibodies. Primary antibodies used during immunoblot (IB)
or immunofluorescence (IF) experiments are listed below. Mouse
anti-CtIP (IB, 1:50, IF, 1:5; provided by R. Baer*'); mouse anti-
vYH2AX (IB, 1:1,000, IF, 1:2,000; 05-636; Millipore); rabbit
anti-yH2AX (IF 1:500; 07-164; Millipore); rabbit anti-yH2AX
(IF 1:500; 2,577; Cell signaling) mouse anti-HP1la (IF, 1:1,000;
2HP-1H5-AS; Euromedex); rabbit anti-HPla (IB, 1:1,000;
H-2164, Sigma-Aldrich); mouse anti-HP1B (IB, 1:1,000; IF,
1:2,000; 1IMOD-1A9; Euromedex); mouse anti-HPly (IB,
1:1,000; IF, 1:4,000; 2MOD-1G6); rabbit anti-human RAD51
(IB, 1:1,000; IF, 1:500; PC130; EMD); rabbit anti-RPA32
(IB, 1:500; 691-P1ABX; Neomarkers); mouse anti-RPA32 (IF,
1:500; 2,175; ABCAM); rabbit anti-RPA32 phospho-Ser4/Ser8
(IB, 1:1,000; A300-245A; Bethyl Laboratories Inc.); mouse
anti-tubulin (IB, 1:10,000; T 9026; Sigma-Aldrich. Secondary
antibodies used were: for IB, HRP-conjugated affinity-purified
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sheep anti-mouse or donkey anti-rabbit (1:5,000; Jackson
ImmunoResearch Laboratories, Inc.); and for IF, goat anti-
mouse or anti-rabbit coupled to Alexa Fluor 488 or 594 (1:1,000;
Invitrogen).

Immunofluorescence. At indicated times after DSB induc-
tion, we performed immunostaining as described previously.?’
For in situ cell fractionation, we washed the coverslips twice in
PBS, rinsed them with cytoskeleton buffer (CSK) containing
10 mM Pipes, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM
MgCI2 and a cocktail of protease inhibitor (Complete, EDTA-
free tablets; Roche). We subsequently performed a Triton X-100
extraction by incubating the coverslips in CSK containing 0.5%
Triton X-100 for 5 min. We fixed cells with 2% wt/vol para-
formaldehyde for 20 min at RT. For standard immunostaining,
we incubated the coverslips for 10 min with PBS/0.1%T (PBS
containing 0.1% vol/vol Triton X-100) to permeabilize the cells.
After blocking for 30 min with BSA 2.5%, we incubated the cov-
erslips with the appropriate primary and secondary antibodies for
1 h. We fixed cells with 2% wt/vol paraformaldehyde for 20 min
at RT. We mounted samples onto slides in Vectashield mounting
medium with DAPI (Vector Laboratories). We used an epifluo-
rescence microscope (Axio Imager Z1; Carl Zeiss, Inc.) piloted
with MetaMorph software (Molecular Devices), a 63x PA/1.4
NA oil objective lens and a chilled charge-coupled device camera
(CoolSnap HQ2; Photometrics) for image acquisition.

Sister chromatid exchanges. We incubated siRNA-treated
cells for approximately 40 h (to allow cells to replicate twice)
with 10 wM BrdU and 10 nM CPT, and we obtained metaphases
as previously described.” We stain the metaphases with Hoechst
for 15 min in SSC buffer 2x and then we irradiated the slides
slightly submerged in SSC buffer 2x for 15 min. After, we washed
the slides for 10 min at 50°C in SSC buffer 2x, we dried them,
and we performed a final staining with DAPI for 10 min. We
mounted samples onto slides in Vectashield mounting medium
(Vector Laboratories).
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