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ABSTRACT

One of the first events to occur upon DNA damage
is the local opening of the compact chromatin ar-
chitecture, facilitating access of repair proteins to
DNA lesions. This early relaxation is triggered by
poly(ADP-ribosyl)ation by PARP1 in addition to ATP-
dependent chromatin remodeling. CHD4 recruits to
DNA breaks in a PAR-dependent manner, although
it lacks any recognizable PAR-binding domain, and
has the ability to relax chromatin structure. How-
ever, its role in chromatin relaxation at the site
of DNA damage has not been explored. Using a
live cell fluorescence three-hybrid assay, we demon-
strate that the recruitment of CHD4 to DNA dam-
age, while being poly(ADP-ribosyl)ation-dependent,
is not through binding poly(ADP-ribose). Addition-
ally, we show that CHD3 is recruited to DNA breaks
in the same manner as CHD4 and that both CHD3
and CHD4 play active roles in chromatin remodeling
at DNA breaks. Together, our findings reveal a two-
step mechanism for DNA damage induced chromatin
relaxation in which PARP1 and the PAR-binding re-
modeler activities of Alc1/CHD1L induce an initial
chromatin relaxation phase that promotes the subse-
quent recruitment of CHD3 and CHD4 via binding to
DNA for further chromatin remodeling at DNA breaks.

INTRODUCTION

One of the earliest steps in the DNA damage response
(DDR) is rapid relaxation of chromatin in the vicinity of the
DNA lesions. Chromatin relaxation is crucial for efficient
DNA repair (1), promoting the loading of repair proteins
at DNA breaks (2). This early step in the DNA damage re-
sponse is heavily reliant on poly(ADP-ribose) (PAR) poly-
merase 1 (PARP1), which acts as a sensor of DNA dam-
age, binding to DNA breaks and promoting auto-activation
(3). Activated PARP1 PARylates target proteins including
itself, core histones as well as the histone linker H1 (4)
and more recently, has been shown to initiate chromatin re-
laxation to sites of DNA damage (5–7). The formation of
PAR at DNA breaks has two main consequences. Firstly,
PAR itself induces chromatin relaxation through the addi-
tion of a large number of negative-charges onto chromatin
(8). Secondly, PAR promotes recruitment of PAR-binding
effectors such as the macrodomain-containing chromatin
remodeler, Alc1/CHD1L (9,10). We recently demonstrated
the involvement of Alc1 in the rapid relaxation of chro-
matin at break sites, however, it was clear that DNA dam-
age induced chromatin remodeling does not solely rely on
the activity of Alc1 but requires additional ATP-dependent
mechanisms (5,11). In addition to Alc1, several remodelers,
such as SMARCA5, CHD2 and CHD4, have been previ-
ously described to recruit to DNA damage in a PARylation-
dependent manner (6,12–16), however, their role in DNA
damage-induced chromatin relaxation has not been investi-
gated.
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In this study, we focused on the CHD4 chromatin re-
modeler, and its close homologue CHD3 (17,18), integral
members of two distinct histone deacetylase containing
NuRD complexes (19–22). In addition to a repressive role
in transcription regulation (23,24), CHD4 was shown to ef-
ficiently decompact the LacO array when recruited through
RNF8 or directly tethered to it and has been shown to
play a role in DNA damage repair and BRCA1 assembly
(15,16,25,26). Knock-down of CHD4 impairs the repair of
double strand breaks by homologous recombination (HR)
but not via non-homologous end joining (NHEJ) (25) im-
plicating a role for CHD4 in regulating the balance between
the HR and NHEJ repair pathways. What is currently un-
known, however, is whether CHD4 directly contributes to
chromatin remodeling during the DDR. Furthermore, de-
spite both the human CHD4 and the Drosophila homo-
logue dMi2 demonstrating PAR binding in vitro (27,28),
the exact mechanism driving the recruitment of CHD4 to
DNA lesions remains unclear as it does not bear a canoni-
cal PAR-binding domain. Recently, it has been shown that
while CHD4 and CHD3 form distinct NuRD complexes,
they share some functionality and that CHD3 also recruits
to UV-induced DNA lesions, similar to CHD4 (22). In the
present work, we deciphered the molecular mechanism re-
sponsible for the accumulation of these remodelers at DNA
breaks and assessed their specific contribution during chro-
matin remodeling in response to DNA damage induction.

MATERIALS AND METHODS

Plasmids and siRNA

PARP1-mCherry (9), YFP-macroH2A1.1 macrodomain
(29), EGFP-Alc1 and PATagRFP-H2B (5) were described
previously. H2B-PAGFP was a kind gift from J. Ellenberg
(30). GFP-CHD4 was a kind gift from S. Polo (13). GFP-
CHD3 was a kind gift from H. Hoffmeister (22). piRFP670-
N1 (31), wild-type and ATPase-dead mutant Alc1 (5) were
used to generate iRFP-Alc1 WT and iRFP-Alc1 E175Q via
Gibson Assembly. mCherry was amplified from pmCherry-
C1 (Clontech) (Forward 5′- ATTAGGCCGCGGACCA
TGGACGTGAGCAAG-3′ and Reverse 5′- ATATCCCG
GGAGGACTTGTACAGCTCGTC-3′) and used to ex-
change GFP from GFP-CHD4 using SacII and XmaI
to create mCherry-CHD4. The GFP-nanobody previously
described (32) was amplified (Forward 5′-AAAACTTA
GGTCTAGATCCGGTGG-3′ and Reverse 5′-AAAAC
ATATGGTGATGGTGATGG-3′) and LacI was ampli-
fied from pmCherry-LacI-H3 (33) (Forward 5′-AAAACA
TATGGTGAAACCAGTAACG-3′ and Reverse 5′-AAAA
GCGGCCGCTTATCTAGATCCGGTGG-3′). The GFP-
nanobody insert was digested with NheI and NdeI and
the LacI insert was digested with NdeI and NotI and
pcDNA3.1 was digested with NheI and NotI before be-
ing used together in a single ligation reaction to produce
the GFP nanobody-LacI fusion. Silencer Select siRNA
(Thermo Scientific) were used for siRNA-mediated knock-
down of target proteins (siCHD4-1 #s2984, siCHD4-
2 #s2985, siCHD3-1 #s2980, siCHD3-2 #s2981, siScr
#4390843).

Cell culture

U2OS, U2OS-2B2 (34), U2OS-Alc1KO and U2OS-
PARP1KO (5) were cultured in DMEM (4.5 g/L glucose)
supplemented with 10% fetal bovine serum (Life Technolo-
gies), 2 mM glutamine (Sigma), 100 �g/mL penicillin and
100 U/mL streptomycin (Sigma) in a humidified incubator
at 37◦C with 5% CO2.

U2OS cells were transfected with H2B-PAGFP using
XtremeGENE HP (Roche) and selected with Geneticin
containing media to produce U2OS cells stably expressing
H2B-PAGFP. After initial selection, cells were maintained
in growth media supplemented with 500 �g/ml Geneticin
(Life Technologies).

For transient expression of plasmids, cells were trans-
fected 12–24 h after seeding into 8-well Lab-Tek II cham-
bered coverglass (Thermo Scientific) with XtremeGENE
HP or Xfect (Clontech) according to the manufactures in-
structions and incubated for 48 h prior to imaging.

For siRNA-mediated knockdown, cells were transfected
with 2 pmol of siRNA per well of an 8-well Lab-Tek us-
ing Lipofectamine RNAiMAX (Invitrogen) according to
the manufactures instructions and incubated for 72 h prior
to imaging.

For live-cell imaging, cells were seeded on LabTek II
chambered coverglass (Thermo Scientific). For Hoechst
presensitization, growth medium was aspirated from the
Lab-Tek and replaced with fresh medium containing 0.3
�g/ml Hoechst 33342 for 1 h at 37◦C. Immediately prior
to imaging, growth medium was replaced with CO2-
independent imaging medium (Phenol Red-free Leibovitz’s
L-15 medium (Life Technologies) supplemented with 20%
fetal bovine serum, 2 mM glutamine, 100 �g/ml penicillin
and 100 U/ml streptomycin).

Olaparib (3 �M) was used for PARP inhibition for at
least 30 min before experiments. For hypotonic treatments
the cells were bathed with normal imaging medium diluted
with distilled water (35:65, v/v) as previously described (35).

Fluorescence imaging and laser microirradiation

Except for the images shown in Figure 2D, Supplementary
Figures S3C and E the fluorescence imaging was performed
on two different confocal systems composed of an inverted
microscope body (Zeiss AxioObserver Z1 or Nikon Ti-E)
and a spinning-disk scan head CSU-X1 from Yokogawa at
a rotation speed of 5000 rpm. We used either a C-Apo 63×
water immersion objective lens (N.A. 1.2) or a Plan APO
63× oil immersion objective lens (N.A. 1.4). Images were
acquired on an AxioCam HRm CCD camera (Zeiss) or a
sCMOS ORCA Flash 4.0 camera (Hamamatsu). For laser
microirradiation at 405 nm, we used dedicated single-point
scanning head (UGA-42 firefly from Rapp OptoElectronic
or iLas2 from Roper Scientific) coupled to the epifluores-
cence backboard of the microscope (Supplementary Figure
S1A). For DNA damage induction and photoactivation of
H2B tagged proteins, the power density of the 405 nm laser
was set to 1 �J/�m2 at the sample level. The laser power was
measured and adjusted at the beginning of each experiment
to ensure reproducibility. Cells were maintained at 37◦C in
the absence of CO2.
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The images shown in Figure 2D, Supplementary Figures
S3C and E were acquired on a Leica SP8 confocal micro-
scope with a Plan APO 63× oil immersion objective lens
(N.A. 1.4) and a pinhole set at one Airy unit and a pixel
size of 60 nm. Hoechst staining was excited with a 405 nm
laser and the emission band was chosen to optimize fluores-
cence collection. Pixel-to-pixel contrast was calculated us-
ing a custom made ImageJ macro.

Fluorescence correlation spectroscopy (FCS)

FCS experiments were performed on a Leica SP8 confocal
microscope equipped with a Plan APO 63×/1.2 N.A. wa-
ter immersion objective. GFP fluorescence was excited with
a 488 nm laser and emission selected by a bandpass filter
at 500–550 nm. Laser power used for FCS measurements
was adjusted to minimize photobleaching and avoid the in-
duction of photodamage in Hoechst-sensitized cells. Single
photons were detected and counted using a � -Single Pho-
ton Avalanche Photodiode and a PicoHarp module from
PicoQuant. Each FCS acquisition lasted 45 s to reduce the
noise on the autocorrelation curves. For each nucleus, FCS
acquisitions were performed before and 1–2 min after laser
microirradiation at 405 nm. Cells were maintained at 37◦C
using a heating chamber. To estimate the residence time
of GFP-tagged CHD4 in the focal volume, autocorrela-
tion curves were fitted with a one-species model assuming
pure diffusion and neglecting the contribution of the photo-
physics of GFP using the Fluctuation Analyzer 4G software
(36).

Fluorescence recovery after photobleaching

FRAP experiments were performed on an inverted confo-
cal spinning-disk (Nikon Ti-E body and Yokogawa CSU-
X1 scan head) using a 63x oil immersion objective lens
(N.A. 1.4) and a sCMOS ORCA Flash 4.0 camera (Hama-
matsu) for image acquisition. Local bleaching within a 3
�m diameter circular area in the cell nucleus was performed
using a dedicated single-point scanning head (iLas2 from
Roper Scientific) coupled to the epifluorescence backboard
of the microscope. To estimate fluorescence recovery kinet-
ics, the mean fluorescence intensity inside the bleached area
was measured by automatic segmentation using a custom-
made Matlab (MathWorks) routine. This routine also al-
lowed background subtraction from the intensity measure-
ments and correction for photobleaching due to imaging by
dividing the intensity in the bleached area with the one mea-
sured for the whole nucleus. The recovery time was the time
required to recover half of the fluorescence signal lost upon
initial photobleaching.

For simultaneous DNA damage induction and FRAP
used in Supplementary Figure S1D, Hoechst sensitized nu-
clei expressing H2B-PATagRFP and GFP-CHD4 were ir-
radiated along a 16 �m line crossing the nucleus for 350
ms. The 405 nm light was set to 1 �J/�m2 at the sample
level and we adjusted the power of 488 nm line to allow
photobleaching without inducing DNA damage. To con-
trol the latter, we verified that no recruitment of PARP1
was observed when micro-irradiating Hoechst sensitized
nuclei only at 488 nm (not shown). Images were streamed

for the first 60 s to collect images for FRAP and every 4
s for the remaining 4 min for recruitment analysis. To esti-
mate fluorescence recovery kinetics, the mean fluorescence
intensity inside the bleached area, as defined by photoac-
tivated H2B, was measured, corrected for bleaching and
background subtraction and normalized to pre-bleach in-
tensity.

Quantification of chromatin relaxation and protein recruit-
ment at DNA breaks

The chromatin relaxation assay has been previously
described in detail (5,37). Briefly, photoactivable H2B
(PTagRFP-H2B or PAGFP-H2B) was irradiated with a
405 nm laser for photoactivation highlighting the irradi-
ated chromatin region and, in cells treated with Hoechst, to
simultaneously induce DNA damage (Supplementary Fig-
ure S1B). The width of the photoactivated chromatin line,
which is used as a readout to assess chromatin relaxation,
was then estimated at different time-points after irradiation
by automatic segmentation of the images using a custom-
made Matlab routine, which is available upon request. The
width of the segmented DNA damaged line was normalized
to the first image post irradiation (Supplementary Figure
S1C).

A related assay was used to quantitatively analyze recruit-
ment kinetics at DNA breaks for a given protein of inter-
est (37). Cells were expressing the protein of interest tagged
with GFP or YFP together with H2B-PATagRFP. Using
similar 405 nm irradiation conditions used for the chro-
matin relaxation assay, the outline of the segmented area
defined by the photoactivated chromatin line was used as
a mask to measure the mean fluorescence intensity of the
protein of interest in the damaged area. After background
subtraction, photobleaching due to imaging was corrected
by dividing the intensity in the DNA damage area with the
one measured for the whole nucleus. The intensities at the
damaged area were normalized to the intensity prior to ir-
radiation measured by applying the irradiation mask ob-
tained for the first image post-irradiation to the last image
pre-irradiation. These different image analysis steps were
performed using a custom-made Matlab routine (Supple-
mentary Figure S1B and C).

Statistical significance

P-values were calculated using a Welch Two Sample t-test.
On the boxplots, * refers to P < 0.05, ** to P < 0.01, *** to
P < 0.001, **** to P < 0.0001 and n.s. to non significant.

Western blotting

Whole cell extracts from siRNA treated samples was col-
lected and resolved by SDS-PAGE. Samples were trans-
ferred to a PVDF membrane at 150 mA for 4 h, blocked
with 5% milk in TBST (10 mM Tris–HCl, pH 7.6, 150
mM NaCl, 0.2% Tween-20) for 1 h and incubated in pri-
mary antibody––1:1000 anti-CHD4 #39289 (Active Mo-
tif), 1:10 000 anti-tubulin T9026 (Sigma), 1:500 anti-
CHD3 (ab109195), 1:10 000 anti-PARP1 (rabbit polyclonal,
(5)), 1:1000 anti-Alc1 (affinity purified rabbit polyclonal,
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(5))––in 1% milk in TBST overnight. Primary antibod-
ies were detected using anti-mouse or anti-rabbit HRP-
conjugated IgG (BioRad) diluted 1:10 000 in 1% milk in
TBST. The blots were developed using WesternBright ECL-
spray (Advansta).

Immunofluorescence

Cells were washed once with PBS and fixed for 15 min in 4%
paraformaldehyde. After two washes with PBS cells were
permeabilized with 0.2% Triton X-100 in PBS for 5 min.
Cells were washed twice for 10 min in PBS before being
blocked in blocking buffer (5% BSA and 0.2% Tween-20 in
PBS) for 1 h. Blocking buffer was removed and cells were
incubated in primary antibody (1:1000 anti-CHD4 #39289
(Active Motif), 1:1000 anti-gammaH2AX (NB100-78356
Novus)) in blocking buffer overnight at 4◦C. Cells were
washed three times with 0.1% Triton X-100 in PBS before
incubation with anti-mouse Alexa Fluor 488 conjugated
IgG or anti-rabbit Alexa Fluor 555 conjugated IgG (Life
Technologies) diluted 1:500 in blocking buffer at room tem-
perature for 1 hour in the dark. Cells were washed twice with
0.1% Triton X-100 in PBS and counterstained with Hoechst
(1 �g/ml in PBS) for 10 min. Images were obtained on Zeiss
AxioObserver Z1 and Yokogawa CSU-X1 scan head using
a Plan Apo 20× air objective (N.A 0.8) and an AxioCam
HRm CCD camera.

RESULTS

PAR-dependent recruitment of CHD4 at DNA breaks is not
mediated through PAR-binding

CHD4 has been reported to recruit to sites of DNA damage
in a PARP1-dependent manner (13–16) and more recently,
the HMG-box-like domain of CHD4 was shown to bind
PAR in vitro (27) suggesting that CHD4 is recruited at DNA
breaks through direct binding to PAR chains generated by
the PARP1 activity. While our observations also confirm
that the recruitment of CHD4 to DNA lesions is suppressed
by PARP inhibition (Figure 1A), removing the HMG-box-
like domain of CHD4 does not affect the recruitment of this
protein to DNA breaks (27). Furthermore, when compar-
ing the kinetics of PAR and CHD4 accumulation at DNA
breaks, we found that while PAR levels quickly increase
at DNA breaks to peak ∼10s post-irradiation (Figure 1B,
red), closely matching the recruitment kinetics observed for
Alc1 (5), the accumulation of CHD4 in the damaged area
is much slower (Figure 1B, black). Performing laser irra-
diation at both 405 and 488 nm to simultaneously induce
DNA breaks and bleach GFP-tagged CHD4 showed that
fluorescence recovery at DNA breaks occurs much faster
than the recruitment itself (Supplementary Figure S1D),
indicating that the slow accumulation of CHD4 at DNA
breaks cannot be simply attributed to major diffusion hin-
drance attributed to the large size of the NuRD complex to
which CHD4 belongs. The discrepancy between the kinet-
ics of PAR and CHD4 accumulation at DNA breaks thus
suggests that the mechanism responsible for Alc1 accumu-
lation at DNA lesions, which involves the direct binding of
Alc1 to PAR via its macrodomain (9), may not hold true for
CHD4.

In order to directly assess the ability of CHD4 to bind
PAR in the cellular environment, we developed a specific
fluorescence three-hybrid assay (Figure 1C) that relies on
measuring the accumulation of PARylated PARP1 released
from the site of DNA damage on a lacO-anchored ‘ADP-
ribose-binding’ protein. The assay allows us to simulta-
neously observe the accumulation of the protein of in-
terest at the site of microirradiation-induced DNA dam-
age and its ability to interact with PARylated PARP1
at the LacO array. To validate the system, we teth-
ered the PAR-binding YFP-macroH2A1.1 macrodomain
to the LacO array using a LacI-GFP-trap in cells co-
expressing mCherry-PARP1 (29,32). Upon DNA damage,
YFP-mH2A1.1 macrodomain and mCherry-PARP1 read-
ily recruit to the site of microirradiation-induced dam-
age, while mCherry-PARP1 also accumulates at the LacO-
tethered mH2A1.1 macrodomain (Figure 1D). The accu-
mulation of PARP1 at the LacO tethered macrodomain was
lost upon PARP inhibition while PARP1s recruitment to
the site of damage was not affected (38), further validat-
ing that the tethered macrodomain interacts with PARy-
lated PARP1 released from the sites of DNA damage (Fig-
ure 1D). Using this assay, we did not observe recruitment of
PARylated PARP1 to tethered GFP-CHD4 (Figure 1E) in-
dicating that this remodeler is not a bona fide PAR-binding
protein. Based on these findings it is unlikely that the re-
cruitment of CHD4 at DNA breaks is driven by direct bind-
ing to PAR chains.

CHD4 is recruited to sites of DNA damage as a consequence
of chromatin relaxation

An alternative hypothesis to explain the accumulation of
CHD4 at DNA breaks is that the PARylation-induced chro-
matin relaxation facilitates the accessibility of DNA for
DNA-binding proteins, a mechanism proposed for tran-
scription factors recruited at DNA breaks (39). To test this
possibility, we first analyzed the effect of enhancing chro-
matin relaxation on the accumulation of CHD4 at DNA
breaks through the overexpression of the ATP-dependent
remodeler Alc1 (5). Overexpression of wild-type Alc1 in-
duces a robust increase in DNA damage-induced chromatin
relaxation as compared to cells expressing the ATPase-
dead Alc1 (Figure 2A and Supplementary Figure S2A). The
enhanced chromatin relaxation correlates with increased
CHD4 recruitment at DNA breaks (Figure 2B and Supple-
mentary Figure S2B) while PAR levels remain unaffected
(Figure 2C) suggesting that chromatin relaxation per se pro-
motes the recruitment of CHD4 at DNA breaks. We found
that the accumulation of CHD4 at DNA breaks is not me-
diated through direct binding to Alc1. Using the F3H assay,
no interaction was observed between LacO tethered Alc1-
GFP and mCherry-CHD4 in either the absence of DNA
damage or after laser irradiation, while PARP1 enriched at
the LacO tethered Alc1 upon DNA damage (Supplemen-
tary Figure S2C). Furthermore, in Alc1 knock-out cells we
observed reduced, but not fully suppressed, recruitment of
CHD4 (Supplementary Figure S2D) Since chromatin re-
laxation at DNA breaks is only partially impaired in Alc1
knocked-out cells (5), the reduction of CHD4 accumulation
at DNA breaks in these cells supports the hypothesis that
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CHD4 accumulation is controlled by chromatin relaxation
and not direct binding to Alc1.

The recruitment of CHD4 to sites of DNA damage is also
associated with increased binding as shown by an increase
in residency time determined through FCS measurements
(Supplementary Figure S2E and F). If enhanced binding of
CHD4 to relaxed chromatin is sufficient to trigger the re-
cruitment of this remodeler to sites of DNA damage, one
would expect that CHD4 shows tighter binding to more re-
laxed chromatin independently of the DDR. We therefore
used tonic shifts to tune the chromatin compaction state
(35) before examining CHD4 dynamics. Switching from iso-
tonic to hypotonic medium lead to a rapid and uniform

relaxation of the chromatin structure (Figure 2D). Using
Fluorescence Recovery After Photobleaching (FRAP), we
found that chromatin relaxation by hypotonic treatment
was associated with reduced mobility of GFP-CHD4 in-
dicative of its enhanced binding to relaxed chromatin (Fig-
ure 2E–G). This reduced mobility upon hypotonic treat-
ment was also observed upon PARP inhibition or in PARP1
knockout cells, demonstrating that this effect is independent
of PARP1 signaling. These findings suggest that the initial
PAR-dependent chromatin relaxation directly drives the in-
creased binding of CHD4 to sites of DNA damage we ob-
served, which ultimately leads to the recruitment of this re-
modeler in the damaged area.
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CHD4 knock-down reduces chromatin relaxation at sites of
DNA damage and leads to increased DNA damage signaling

To investigate the potential role of CHD4 during chromatin
remodeling at DNA damage sites, we used an in vivo chro-
matin relaxation assay where Hoechst-presensitized nuclei
expressing the core histone H2B fused to photoactivable
GFP are microirradiated with 405 nm light to simultane-
ously induce DNA damage and photoactivate H2B-PAGFP
in a line crossing the nucleus (Figure 3A, Supplementary
Figure S1B and C). The thickness of the photoactivated line
is measured over time allowing assessment of the change in
the chromatin compaction state occurring upon DNA dam-
age induction (37). Using this assay, we were able to show
that the knockdown of CHD4 resulted in a strong reduc-
tion of chromatin relaxation at sites of DNA damage (Fig-
ure 3B and C). Additionally, to assess the effect of CHD4
depletion on DNA repair signaling, we examined � -H2AX
levels upon X-ray irradiation with CHD4 knock-down us-
ing two independent siRNAs, observing increased and pro-
longed signaling (Supplementary Figure S3A and B).

We have previously reported that the preexisting chro-
matin structure can influence the level of DNA damage in-
duced chromatin relaxation (5). As CHD4 is part of the
histone deacetylase containing NuRD complex (19–21),
knock-down of CHD4 could alter the overall acetylation
status of chromatin, shifting to an increased acetylation
state and an overall increase in chromatin relaxation. We
measured chromatin texture in Hoechst stained nuclei to
determine the changes to chromatin structure using hypo-
tonic treatment, which promotes chromatin relaxation, as a
control (35). We observed a decrease in pixel-to-pixel con-
trast in hypotonic treated nuclei, consistent with a more re-
laxed chromatin landscape as compared to isotonic treat-
ment (Supplementary Figure S3C). This was accompanied
by impaired chromatin relaxation upon DNA damage (Sup-
plementary Figure S3D). Importantly, the knock-down of
CHD4 did not alter the chromatin architecture prior to
DNA damage induction (Supplementary Figure S3E) indi-
cating the reduced chromatin relaxation upon DNA dam-
age is due the loss of the remodeling function of CHD4.

Since CHD4 plays a central role in transcriptional reg-
ulation (40), we also ensured CHD4 knock-down did not
alter the expression of PARP1 and Alc1, the two early play-
ers in chromatin remodeling at DNA breaks (Figure 3D).
We also found that knocking-down CHD4 does not impair
the expression of the closely related remodeler CHD3. Al-
together, these findings demonstrate CHD4 plays a direct
role in chromatin relaxation at sites of DNA damage.

CHD3, a close homologue to CHD4, displays similar func-
tions to CHD4 at sites of DNA damage

CHD3 is a chromatin remodeler homologous to CHD4,
with the two remodelers sharing close to 72% homology
(17,18,22). These two remodelers belong to distinct NuRD
complexes and display similar, yet not fully overlapping,
functional roles in the context of transcriptional regulation
(22). We wondered if the shared functionalities of the two re-
modelers also hold true during the DNA damage response.
CHD3 is recruited to sites of DNA damage with very sim-
ilar kinetics to CHD4 (Figure 4A) and the recruitment of

CHD3 to sites of DNA damage was also strongly impaired
upon PARylation inhibition (Figure 4B). Using the F3H as-
say, we tethered CHD3 to the LacO array and found no
evidence of binding between CHD3 and PARyted PARP1
(Figure 4C), suggesting that CHD3, similar to CHD4, is re-
cruited to sites of DNA damage due to increased binding
to chromatin relaxed by the PARP1/Alc1 remodeling ac-
tivities. Finally, we used two siRNAs to mediate the knock-
down of CHD3. While both siRNAs lead to a reduction of
the chromatin relaxation process (Figure 4D), siCHD3 #2
showed a significantly stronger reduction in the deconden-
sation. When levels of CHD3 and CHD4 were compared
(Figure 4E), siCHD3 #2 also very strongly depleted CHD4.
These findings reveal that both CHD3 and CHD4 play re-
dundant roles during the chromatin relaxation process at
DNA breaks.

DISCUSSION

The complex chromatin remodeling mechanisms that oc-
cur during the early stages of the DDR aim to arrange
chromatin into a repair competent conformation allowing
repair proteins easy access to DNA breaks while keeping
the broken ends in close proximity, avoiding deleterious re-
combination (41). Poly(ADP-ribosy)lation plays a key role
in the initiation of DNA damage-induced chromatin re-
laxation. The presence of negatively charged PAR-chains
along the chromatin fiber may initiate chromatin loosening
(8) but additional ATP-dependent remodeling also occurs
through the recruitment of PAR-dependent chromatin re-
modelers such as Alc1 (5,11). While Alc1 contributes signif-
icantly to relaxation, additional ATP-dependent processes
are required to achieve a maximal relaxed state. The fact
that few chromatin remodelers display known PAR-binding
motifs suggest a second mode of protein recruitment is re-
sponsible for bringing these factors to the site of damage.
In this study, we show that it is the initial PAR-dependent
chromatin relaxation that facilitates the subsequent recruit-
ment of CHD3 and CHD4 to the site of damage via in-
creased binding to relaxed chromatin. Indeed, this initial
PAR-dependent relaxation may facilitate the accumulation
of DNA-binding proteins at the DNA breaks without the
need for the activation of additional signaling pathways
(39). The recruitment of the remodeler CHD2, which was
also reported to be PAR-dependent, shows similar recruit-
ment kinetics to the one we measured for CHD4, i.e. much
slower than the increase of PAR levels upon irradiation
(12). It is then likely that CHD2, which does not bear a
canonical PAR-binding domain, recruits to DNA breaks
through enhanced binding to chromatin relaxed by early
PAR-dependent remodeling processes. It is worth noting
that such chromatin relaxation-driven recruitment may oc-
cur upon cellular stresses other than DNA damage that lead
to the activation of PAR-signaling. In Drosophila, the heat-
shock-induced puffing of the Hsp70 locus in the larval sali-
vary gland polytene chromosomes is PAR dependent (42).
Murawska et al. later showed that the Drosophila homo-
logue of CHD4, dMi2, is recruited to heat-shock responsive
genes in a PARP-dependent manner and identified the tan-
dem chromodomain of dMi2 as crucial for this recruitment
(28). This tandem chromodomain was found to bind PAR
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1. DNA damage

2. Initial chromatin relaxation triggered by PARylation
    signaling

4. CHD3/CHD4 promote further chromatin remodeling

PAR chains

DNA lesions

Nucleosome

CHD3/CHD4

Alc1

PARP1

3. CHD3/CHD4 binding to relaxed chroamtin

Figure 5. Model of two-phase chromatin remodeling at sites of DNA dam-
age. DNA damage promotes the recruitment of PARP1 where it is acti-
vated. Activated PARP1 will PARylate proteins at the site of damage, in-
cluding itself, and promote the recruitment of the chromatin remodeler,
Alc1. Alc1 remodeling activity leads to chromatin relaxation in the vicin-
ity of the DNA break. CHD3 and CHD4 bind to the relaxed chromatin
and further remodel chromatin.

chains but is also a well-known DNA-binding domain (28).
Given our observations with CHD3 and CHD4, the recruit-
ment of dMi2 at heat-shock genes could be also facilitated
by PAR-dependent puffing of the polytene chromosomes.

Two alternative hypotheses could explain the enhanced
binding of CHD3 and CHD4 to relaxed chromatin at sites
of DNA damage. The first is that the presence of PAR
chains along the DNA fiber, in combination with the nucle-
osome repositioning activity of the PAR-dependent chro-
matin remodeler Alc1 (5,43,44), shapes chromatin into a
specific conformation in which DNA is more exposed, pro-
moting the binding of diffusible DNA-binding proteins
such as CHD3 and CHD4. The second hypothesis is that the
increased binding of CHD3 or CHD4 to relaxed chromatin
area is promoted by the reduced macromolecular crowding
encountered in this area. The nucleus is a highly crowded
environment with recent reports estimating that the volume
fraction occupied by chromatin is, on average, equal to 30%
(45). It is then possible that the lowering of the crowding

level induced by chromatin relaxation at sites of DNA dam-
age decreases volume exclusion, thus allowing more CHD3
and CHD4 proteins to fit in the relaxed area, similar to what
was observed for GFP arrays in centromeric heterochro-
matin foci relaxed by osmotic shift (35). The macromolec-
ular crowding theory also predicts that diffusion-limited
binding reactions, which describes the dynamics of many
DNA-binding proteins (30), will display increased associa-
tion rates upon reduced crowding while dissociation rates
remain unaffected (46). While it is challenging to experi-
mentally differentiate between these scenarios or a mixture
of the two, both will have the same outcome: increased bind-
ing of CHD3 and CHD4 at sites of DNA damage.

Overall, our findings suggest a model in which the chro-
matin relaxation at sites of DNA damage occurs in two con-
secutive phases (Figure 5). First, PARylation initiates the re-
laxation of chromatin directly through the recruitment and
activation of the PAR-binding remodeler Alc1. This initial
chromatin relaxation then allows the recruitment of CHD3
and CHD4 and subsequent chromatin remodeling through
enhanced binding to relaxed chromatin but independently
of interactions with PAR chains. Interestingly, CHD2, sim-
ilar to CHD3 and CHD4, contributes to chromatin relax-
ation but, while CHD4 seems to be involved in DNA repair
via HR, CHD2 rather promotes NHEJ (12). This raises the
interesting possibility that, after an initial relaxation phase
generic to all repair mechanisms, remodelers specific to HR
or NHEJ may be required at later stages of the chromatin
remodeling required at sites of DNA damage.
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Université Rennes 1) for technical assistance.
Author Contributions: R.S., S.H. and G.T. designed the ex-
periments. R.S. and S.H. completed the experiments within
the manuscript. H.S. completed preliminary chromatin re-
laxation assays. C.C. generated cell lines and DNA con-
structs. S.H. and G.T. conceived and supervised this study.
R.S., S.H. and G.T. wrote the manuscript. All authors read
and commented on the manuscript.

FUNDING

Worldwide Cancer Research [14-1315]; Hungarian
Academy of Sciences [LP2017-11/2017 to G.T.]; Euro-
pean Union [FP7-PEOPLE-2011-CIG, ChromaTranscript
project]; Ligue contre le Cancer du Grand-Ouest (com-
mittees 35 and 72); Fondation ARC pour la recherche sur
le cancer [20161204883 to S.H.]; Bayerisch-Französische
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