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ABSTRACT

Eukaryotic DNA is organized in nucleosomes, which
package DNA and regulate its accessibility to
transcription, replication, recombination and repair.
Here, we show that in living cells nucleosomes
protect DNA from high-energy radiation and reac-
tive oxygen species. We combined sequence-based
methods (ATAC-seq and BLISS) to determine the po-
sition of both nucleosomes and double strand breaks
(DSBs) in the genome of nucleosome-rich malignant
mesothelioma cells, and of the same cells partially
depleted of nucleosomes. The results were repli-
cated in the human MCF-7 breast carcinoma cell line.
We found that, for each genomic sequence, the prob-
ability of DSB formation is directly proportional to the
fraction of time it is nucleosome-free; DSBs accumu-
late distal from the nucleosome dyad axis. Nucleo-
some free regions and promoters of actively tran-
scribed genes are more sensitive to DSB formation,
and consequently to mutation. We argue that this
may be true for a variety of chemical and physical
DNA damaging agents.

INTRODUCTION

Eukaryotic DNA is organized in nucleosomes, which both
help package the DNA and regulate its accessibility to tran-
scription, replication and recombination. The accessibility
of damaged DNA for its repair is also controlled by nucle-
osomes, and chromatin needs to be disassembled prior to
repair (1). However, even prior to their repair, the occur-
rence of damages to DNA might be modulated by nucle-
osomes. The correlation between nucleosome distribution
and the occurrence of DNA damage has been inferred indi-
rectly from the distribution of mutations (2,3), which at least
in part arise from the error prone repair of damaged DNA.

However, this correlation is subject to a number of limita-
tions, the most significant of which is that the mechanics of
DNA repair is expected to determine whether a DNA dam-
age is repaired correctly (with no mutation arising) or in-
correctly (causing a mutation). The need for DNA repair for
the production of mutations thus obfuscates the relation be-
tween the distribution of mutations and the distribution of
DNA damage. Moreover, mutations also arise from incor-
rect replication, further complicating the relationship be-
tween mutations and DNA damage. To overcome these lim-
itations, here we investigated experimentally the genomic
distribution and occupancy of nucleosomes and the distri-
bution of double strand breaks (DSBs) after ionizing irra-
diation.

DNA damage is caused either by spontaneous depuri-
nation and deamination of DNA bases, or by chemical or
physical agents, among which high-energy photons (ioniz-
ing radiation, IR). IR can break DNA strands either by
colliding directly with the phosphodiester backbone, or by
splitting water molecules into hydrogen and hydroxyl radi-
cals (a form of reactive oxygen species, ROS) that can react
with DNA and produce several types of DNA damage. No-
tably, ROS are continuously produced in the cell by mito-
chondrial metabolism and by several biochemical reactions,
and IR-induced ROS actually promote the formation of mi-
tochondrially derived ROS (4). Among ROS-induced DNA
damages, single strand breaks (SSBs) and double strand
breaks (DSBs) are prominent, with a much larger amount
of IR-induced SSBs relative to DSBs (5); in fact, most DSBs
are the outcome of two close SSBs on opposite strands of
DNA (6). Whether and to what extent nucleosomes protect
DNA from IR-induced DSBs has been studied only in vitro
(7,8). These studies have broadly established that nucleo-
somes reduce the average incidence of DSBs on bulk chro-
matin. However, the distribution of DSBs in the genome is
arguably as important as their total number, and has not
been addressed.
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Nucleosomes are assembled fairly regularly over DNA:
about 150 bp are wrapped around the histone octamer and
linker DNA (~40 bp in humans and 20 bp in yeast) sepa-
rates consecutive nucleosomes (9). The positioning of nu-
cleosomes is indirectly dictated by the DNA sequence, with
nucleosomes assembling on the more flexible sequences
(10,11). Nucleosomes are not present all of the time on
all nucleosomal sites, however; the fraction of cells where
a specific nucleosomal site is covered (or alternatively, the
fraction of time a specific site is covered by a nucleo-
some in a cell) is called occupancy. Occupancy depends
on how favorable the sequence is for nucleosome assembly,
and on changes in chromatin organization brought about
by chromatin remodeling complexes, transcription, repli-
cation, binding of transcription factors and histone post-
translational modifications (12-15).

We and others have described several instances in which
nucleosomal occupancy is altered at genomewide level: cell
senescence (16,17), embryonic stem cell identity (18,19), ac-
tivation of macrophages (20,21), and mutation of the DNA
chaperone HMGBI1 in mammalian cells, or Nhp6A/B in
yeast (22). At least in the case of the lack of HMGBI1 or
Nhp6A/B, histones are reduced by 20%. The positioning of
nucleosomes in Nhp6A /B mutants is maintained, but occu-
pancy is decreased substantially and not uniformly (22). We
thus took advantage of nucleosome modulation in mam-
malian cells after HMGBI1 depletion to correlate nucleo-
some occupancy with DSB formation.

Our laboratory is interested in malignant mesothelioma
(MM), an almost incurable tumor arising from asbestos ex-
posure (23). While characterizing mouse models of MM,
we realized that the mouse cell line AB22, which repro-
duces relevant features of human epithelioid MM (24), is
histone-rich relative to primary mesothelial cells (PMC)
derived from the peritoneal cavity of BALB/c mice. We
partially reverted the high genomewide nucleosomal oc-
cupancy of MM cells by knocking down HMGBI1. We
then compared nucleosome-rich unmodified MM cells and
nucleosome-depleted MM cells with respect to their sensi-
tivity to radiation-induced DNA damage, and integrated in-
formation about genomewide nucleosome positioning and
occupancy (obtained with the Assay for Transposase Ac-
cessible Chromatin and sequencing, ATAC-seq (25)) with
information about the location of IR-induced DSBs (ob-
tained by Breaks Labelling In-Situ and Sequencing, BLISS
(26)). To confirm our results, we repeated this analysis by
integrating ATAC-seq and BLISS datasets obtained in hu-
man MCF-7 breast carcinoma cells.

Overall, our results obtained in living cells confirm that
nucleosomes shield DNA from damage, and further indi-
cate at nucleotide resolution that nucleosomal occupancy,
or the probability of a nucleosome occupying a specific site,
is by far the dominant factor in determining whether a se-
quence will be damaged or not.

MATERIALS AND METHODS
HMGBI1 down-modulation by RNA interference

In mesothelioma AB22 cells. The pTRIPZ plasmids
(Dharmacon) are described in Supplementary Figure
S1B. The shRNA sequence was designed to target the

second exon of the murine Hmgbl transcript and adapted
to the miR-30 sequence for optimal expression in mam-
malian cells (27). The control shRNA sequence (shCTRL)
does not target any mammalian transcript (Dharma-
con). The designed template oligos were synthesized and
then amplified by PCR to introduce cloning restriction
enzyme sites using the primers below. shHMGBI-
cloning template: 5 TGCTGTTGACAGTGAGCGATG
ACAAGGCTCGTTATGAAAGTAGTGAAGCC
ACAGATGTACTTTCATAACGAGCCTTGTC
ACTGCCTACTGCCTCGGA 3, the annealing se-
quence for PCR primers is underlined and the sequence
complementary to the HMGB1 mRNA sequence at posi-
tion 550-570 in NCBI Refseq NM_001313894 is in bold
type.

miR30-Xhol FW: 5 _CAGAAGGCTCGAGAAGGT
ATATTGCTGTTGACAGTGAGCG 3

miR30-MIul REV: 5_CTAAAGTAGCCCCTTACG
CGTCCGAGGCAGTAGGCA ¥

The PCR fragment and recipient plasmid pTRIPZ
were digested with Xhol and Mlul and ligated to obtain
pTRIPZ-shHMGBI1 (shHMGB1).

For lentiviral particle production, HEK 293T cells were
cultured in DMEM plus 10% fetal bovine serum, 100 U/ml
penicillin, 100 U/ml streptomycin, glutamine and sodium
pyruvate (all from Gibco). Two hours before transfection,
the medium was changed to IMDM (Sigma) containing
10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin,
2 mM glutamine. Nine million low-passage HEK 293T
cells were transfected with the packaging plasmids pDM2-
VSVG and pCVM-ARS8.91 and the vectors pTRIPZ-
shHMGBI or pTRIPZ-shCTRL using the calcium phos-
phate method. A plasmid mix solution (7 ng pPDM2-VSVG,
28 ng pCMV-ARS8.91, 32 pwg pTRIPZ-shHMGBI) was
added to 125 mM CaCl, to a final volume of 1250 pl and in-
cubated at room temperature for 5 minutes; DNA-calcium
phosphate precipitate was formed by dropwise addition of
1250 wl of 2x HBS (to a final concentration of 140.5 mM
NaCl; 50 mM HEPES; 0.75 mM Na,HPO, pH 7.12); the
precipitated complexes were immediately added dropwise to
the cell media. Virus-containing media was collected 24 and
48 h after transfection, centrifuged 5 min at 200 g and fil-
tered through 0.22 wm membranes. The virus preparation
was then concentrated by ultracentrifugation (20 000g for
2 h) and resuspended in PBS. Titration was performed by
transducing HEK293T cells with serial 1:10 dilutions of the
viral preparation. One day after transduction, expression
of the Red Fluorescence Protein (RFP) was induced by in-
cubating cells with 1 pg/ml doxycycline (Sigma) for three
days. At the end of induction, cells were collected, fixed in
1% paraformaldehyde and the percentage of RFP™ cells was
measured using a BD Accuri C6 cytometer. The concen-
tration of Transducing Units (TU) was determined using
the following formula and considering the dilution of virus
preparation that resulted in <20% of RFP* cells:

[(Number of cells at day of transduction) x (percentage of RFPT cells)]

TU/pul =
fn (! of viral suspension used for transduction)

In MCF-7 breast cancer cells. Briefly, MCF-7 were trans-
fected with plasmid HMGBIshRNA-pSuperior.puro (28)
or, as a mock control, with the empty vector pSuperior.puro
(Invitrogen) and selected with puromycin. (Sequence:
5-GGATATTGCTGCATATCGA, position 1412-1430 in



NCBI Refseq NM_001313893.1). Single resistant clones
were picked, amplified, and analyzed for HMGBI1 expres-
sion by western blot. Clone shB1/MCF-7, with <10%
HMGBI remaining, was used.

Mice, primary mesothelial cells and cell lines

Animal experiments had been reviewed and approved by the
Animal Care and Use Committees (IACUC) of Ospedale
San Raffaele, which include ‘ad hoc’ members for ethical
issues. All experiments were performed in accordance with
the approved guidelines. Animals were housed in the Insti-
tute’s Animal Care Facilities, which meet international stan-
dards. Certified veterinarians who are responsible for health
monitoring, animal welfare supervision, experimental pro-
tocols and procedures revision regularly checked them.

Murine primary mesothelial cells (PMC) were isolated
and cultured as described (29). Briefly, 6-10 weeks old
BALB/c male mice were euthanized by CO, inhalation and
their skin was removed from the abdomen. The peritoneal
cavity was flushed twice with PBS to remove blood cells. We
injected about 10 ml of warm 0.25% Trypsin/0.002% EDTA
(Sigma); fluid with mesothelial cells was then collected after
10 min. A further lavage of peritoneal cavity with warm cell
culture medium was also collected and pooled. Cells from
each mouse were centrifuged, resuspended in fresh RPMI
1640 medium supplemented with 2 mM glutamine, 20%
(v/v) fetal bovine serum (FBS), 10 pM 2-mercaptoethanol,
20 mM HEPES (Gibco), 400 wg/1 hydrocortisone (Sigma),
100 U/ml penicillin 100 U/ml streptomycin, and seeded in
60 mm culture dishes, then cultured for 8-9 days.

Murine malignant mesothelioma (MM) AB22 cells were
obtained from Cell Bank Australia and cultured in RPMI
1640 supplemented with 10% (v/v) FBS, 2 mM L-glutamine
and 100 U/ml penicillin/streptomycin. shCTRL-MM and
shHMGBI1-MM were obtained by infection with pTRIPZ-
shCTRL or pTRIPZ-shHMGBI viral particles at a multi-
plicity of infection equal to 20; transduced cells were then
selected with 4 pg/ml puromycin. Cells were cultured in
RPMI 1640, as above, using tetracycline-free FBS (Euro-
clone). shRNA expression was induced by adding 1 pM
doxycycline (Sigma) to the culture medium. All the experi-
ments were performed after 7-10 days from doxycycline ad-
dition. Both primary and MM cells were cultured in humid-
ified incubator at 37°C with 5% oxygen.

Cell synchronization in G1 phase was achieved by starv-
ing sub-confluent cells in medium containing 0.1% FBS
overnight and releasing them from starvation in regular
medium for 5 h. Cell cycle distribution was assessed by
cytofluorimetry analysis of DNA content.

Human mesothelioma REN and the mesothelial LP9 cell
lines were a kind gift of Haining Yang and Michele Car-
bone (Cancer Center, University of Hawai‘l) and cultured
in DMEM/F12 supplemented with 10% (v/v) FBS, 2 mM
L-glutamine and 100 U/ml penicillin/streptomycin.

Human breast cancer MCF-7 and normal mam-
mary epithelial MCF10A cell lines were purchased from
ATCC. MCF-7 cells were cultured in DMEM (Dul-
becco’s modified Eagle’s medium, Gibco) supplemented
with 10% (v/v) FBS, 2 mM L-glutamine and 100 U/ml
penicillin/streptomycin.  MCFI0A were cultured in
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DMEM/F12 1:1 supplemented with 2 mM L-glutamine
and 100 U/ml penicillin/streptomycin, 5% horse serum
(Gibco), 0.5 pg/ml hydrocortisone (Sigma), 100 ng/ml
cholera toxin (Sigma), 10 wg/ml human insulin (Sigma),
20 ng/ml hEGF (Preprotech). Cells were maintained
sub-confluent in humidified incubator at 37°C with 5%
COs.

Western blotting

Whole-cell extracts were prepared by direct lysis of cells in
SDS-PAGE sample buffer (aka Laemmli buffer: 62.5 mM
Tris—HCI pH 6.8, 25% (v/v) glycerol, 2% (w/v) sodium do-
decyl sulphate, 5% (v/v) 2-mercaptoethanol). Samples were
denatured for 5 min at 95°C and loaded onto SDS polyacry-
lamide protein gels (10% or 14% acrylamide/bisacrylamide,
29:1). Proteins separated by SDS-PAGE were transferred
onto 0.2 pm nitrocellulose membranes using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad). Membranes
were blocked for 1 hour at room temperature in 5% non-
fat milk/TBST (20 mM Tris, pH 7.5, 137 mM NacCl, 0.1%
Tween 20), washed in TBST and incubated overnight with
primary antibody at 4°C. After three washes in TBST, fil-
ters were incubated with a secondary antibody conjugated
to HRP for 1 h at RT. Proteins were visualized by chemi-
luminescence (Western Blot Luminol Reagent, SantaCruz)
and acquired using Bio-Rad ChemiDoc Imaging system.
Quantification of band intensities was performed with Im-
agelLab software (Bio-Rad) on 16-bit images. The follow-
ing primary antibodies were used for western blotting:
rabbit «-H3 (1:1000; ab1791 Abcam), rabbit a-HMGBI1
(1:1000; ab18256 Abcam), rabbit a-GAPDH (1:10 000;
G9545 Sigma).

SDS-PAGE gels are loaded with lysate samples contain-
ing an equal number of cells, with the exception of the blots
for quantification of histone H3 where DNA concentration
in whole cell extracts was quantified in order to load equal
amount of corresponding DNA in lysates. DNA quantifica-
tion was performed with Quant-iT™ PicoGreen® dsDNA
Kit (Invitrogen) following manufacturer instructions and
fluorescence measured using a Victor3 plate reader (Perkin-
Elmer, excitation and emission filters: 485 nm/535 nm, ex-
posure 1.0 s). DNA concentration of the samples was deter-
mined by interpolation of the fluorescence intensity values
of the samples with the standard curve.

For the quantification of histone H3 by western blot-
ting, Coomassie staining was used to normalize for min-
imal sample concentration variability. Briefly, SDS-PAGE
gels were stained using InstantBlue™ Coomassie Protein
Stain (Expedeon), transferred to nitrocellulose membrane.
Coomassie stained membranes are further hybridized as de-
scribed above.

SDS-PAGE, western blots and H3 quantifications for
MCF-7, MCI10A, LP9 and REN were performed as de-
scribed (20).

Immunofluorescence and image analysis

Cells grown on coverslips were fixed in 4% PFA in PHEM
buffer (120 mM PIPES, 50 mM HEPES, 20 mM EGTA,
8 mM MgSO,, buffered to pH 7.0 with KOH) for 10 min
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at room temperature. After fixation, cells were washed with
PBS and incubated 5 min in permeabilization buffer (0.2%
Triton X-100, 20 mM HEPES, 300 mM sucrose, 50 mM
NaCl, 3 mM MgCl,) then blocked in 4% BSA/PBS. Cov-
erslips were incubated over night at 4°C with gentle agi-
tation with primary antibodies diluted in 0.2% BSA/PBS
to the final concentration. After three rinses with 0.2%
BSA/PBS, cells were incubated with a secondary fluores-
cent antibody in 0.2% BSA/PBS at RT for 1 h, washed
three times, and then mounted with mounting medium con-
taining Hoechst 33342 for DNA counterstaining. The rab-
bit polyclonal a-HMGBI1 antibody (1:1000; ab18256 Ab-
cam) and an AlexaFluor488 conjugated secondary anti-
body (Molecular Probes) were used. A Leica TCS SP5 con-
focal microscope with a 20x /NAO.75 objective and Airy3
pinhole was used to acquire 16-bit images that were pro-
cessed with a semi-automatic image quantification pipeline
based on nuclear pixel identification in the UV channel. To-
tal HM GBI intensity was expressed in arbitrary unit (AU)
(20).

Cell cycle analysis

Cells were collected, fixed in cold 70% ethanol overnight
at —20°C, washed once in 5% FBS/PBS and then resus-
pended in PBS containing 10 pg/ml RNase A (Sigma) and
10 pg/ml propidium iodide (Sigma) for 1 h at room temper-
ature. Samples were acquired with a BD Canto II cytometer.
Cells were gated to exclude doublets and cell cycle distri-
butions were estimated by deconvolution of the DNA con-
tent profiles using FCS Express (De Novo Software) and
expressed as percentage of cells in each cell cycle phase.

Alkaline comet assay

The alkaline comet assay was performed as previously de-
scribed (30). Cells were irradiated and placed on ice to min-
imize the processing of DNA breaks, immediately resus-
pended in 0.5% low-melting-point agarose in PBS and de-
posited on a microscope slide pre-coated with a thin layer of
1% agarose in PBS. The slides were incubated in lysis buffer
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris pH 10, 1% Tri-
ton X-100) for 1 h at 4°C and then in alkaline electrophore-
sis buffer (1 mM EDTA, 300 mM NaOH) for 20 min to
allow DNA unwinding. Electrophoresis was performed at
4°C for 30 min at a constant voltage (0.8 V/cm). After elec-
trophoresis, slide pH was neutralized by 5 min incubation in
0.4 M Tris, pH 7.5. DNA staining was performed by over-
laying 60 wl of ethidium bromide (20 pwg/ml) on each slide.
Comets were imaged using a Zeiss AxioVision microscope
and analysed with CaspLab software (31) to calculate the
tail moment, which is the product of the percentage of tail
DNA and the tail length. More than 150 comets were scored
per sample.

RNA sequencing

Total RNA from G1-synchronized MM cells was isolated
using the NucleoSpin RNA II kit (Macherey-Nagel).
RNA integrity was tested using Agilent RNA 6000 Nano
Kit (RIN>9) and Ribosomal RNA was removed using

RiboMinus Gold™ Technology (ThermoFisher). Libraries
of cDNA were prepared with TruSeq RNA Library Prep
Kit (Illumina) and sequenced using NextSeq500 (Illumina)
75 bp pair-end up to 30 million reads. After trimming
the adapter sequences from reads (Trimmomatic), se-
quences were aligned to the mouse mm10 genome using
the STAR (v2.5.3a) (https://github.com/alexdobin/STAR/)
and counted using featureCounts (http://bioconductor.
org/packages/release/bioc/html/Rsubread.html) with the
gene annotation from Gencode (version MI13). The
R /Bioconductor package edgeR was used to obtain nor-
malized RPKM expression values (http://bioconductor.
org/packages/release/bioc/html/edgeR.html).

ATAC-seq (Assay for Transposase Accessible Chromatin se-
quencing)

ATAC-seq was performed on permeabilized nuclei of
shCTRL-MM and shHMGBI1-MM cells synchronized in
G1 phase following a detailed protocol (25), using 75 000
cells/sample. Libraries were sequenced using NextSeq-500
Illumina sequencing system and up to 400 million 150 bp
pair-end reads were produced. After trimming low-quality
bases and adapters (Trimmomatic), reads were aligned
to the mouse genome (GRCm38/mm10) using bwa mem
(v0.7.15-r1140). Properly paired primary alignments with
MAPQ >15 were saved while reads mapping to the mi-
tochondrial chromosome were removed. The deconvolu-
tion of the fragment size distribution (Figure 2B) originated
three populations: the first one was described by an ex-
ponential curve and contained fragments with size <100
bp representing the nucleosome free regions (NFRs). The
second and third populations were described by Gaussian
curves and contained the mononucleosomal (186-282 bp)
and dinucleosomal (>282 bp) fragment populations. Such
cutoffs minimized the overlap between the populations.

Open chromatin regions (OCRs) were called using the
MACS?2 software, with the following parameters: -q 0.05 —
broad -f BAMPE (OCR bed intervals). The regions were
also extended 100 bp up- and downstream, and merged
when in overlap. We used the NucleoATAC software (32)
to call nucleosomes and NFRs. NFRs are listed in the nfi-
pos.bed. gz results file. Nucleosomal occupancy and Nucle-
osomal positioning were calculated with occ and nuc tools
of NucleoATAC.

BLISS (Breaks Labeling In Situ and Sequencing)

To map DNA breaks in native chromatin, 5 x 10* s\CTRL
or shHMGBI cells were seeded on coverslips, synchronized
in G1 as described before and irradiated with 0, 3, 5 and 10
Gy of gamma rays from a cesium-137 source. MCF-7 cells
were seeded on coverslips at the same density, pre-treated
1 hour with 10 mM N-acetyl-L-cysteine (Sigma, A9165) or
vehicle (PBS) in culture medium, then irradiated with 0 or
10 Gy of gamma rays. Immediately after irradiation, cells
were fixed with 4% paraformaldehyde in PBS and subse-
quently subjected to the described protocol (33), with only
minor changes: genomic DNA was isolated from cells us-
ing the phenol:chloroform method; libraries were prepared
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from purified RNA using TruSeq Small RNA library prepa-
ration kit (Illumina) and sequenced (2 x 150 bp paired-end,
NextSeq500, Illumina) at 20-30 M reads per sample. We ap-
plied the bioinformatic pipeline described by Yan et al. (26)
to identify and quantify DSBs, with minor modifications
regarding how to manage the unique molecular identifier
(UMI) present in reads. While Yan et al. (26) used custom
scripts, we took advantage of the umi tools to first extract
and then align reads with bwa software. Umi tools was also
applied to deduplicate and aggregate the UMIs (34).

The number of DSBs in each sample was estimated using
an in silico saturation experiment (Figures 3D, SA and Sup-
plementary Figure S3A). Briefly, a random downsampling
of the original FASTQ produced four read populations rep-
resenting the 25, 50, 75 and 100% of the total. DSBs at sat-
uration were estimated using the hyperbolic formula DSB
= r * DSBmax/r + k where DSBmax is the DSB number
at saturation, r the number of sequenced reads and k is a
constant (hyperbolic fitting by nls function in R).

To evaluate experimental reproducibility in biological
replicates (Supplementary Figure S3C), we used deepTools
to compare the number of deduplicated DSBs (BAM files)
in 100 kb windows after normalization by library and
genome size. Zero values deriving from windows with no
DSB coverage were removed using the —skipZeros option.
Distances between datasets were obtained by Pearson corre-
lation, clustered with the ‘complete’ algorithm and plotted
in a heatmap using the R package pheatmap.

Integration of nucleosome positioning and occupancy with
DSB events

Nucleosome positioning and occupancy. Coverage values
(bigwig files) for chromosomes 10 visualized in Figure 2D,
E and Supplementary Figure S2 were generated with the
IGV Genome Browser (DOI: 10.1038/nbt.1754) using a 1
kb binning to visualize nucleosome positioning.

To assess differences in nucleosome positioning between
the two genotypes, we calculated the absolute value of the
distance between dyad axes of paired nucleosomes detected
in shCTRL and shHMGBI; the frequency distribution was
plotted using R (Figure 2F).

Occupancy was calculated by NucleoATAC on nucleo-
somes called either in sShCTRL or shHMGBI cells. The
scatterplot in Figure 2H compares the density distribution
of nucleosomes with similar occupancy values in sShCTRL
and shHMGBI. Briefly, the density for each data point (x,y)
is estimated by counting the number of points in the neigh-
borhood (kernel density), including the query point. The
neighborhood is an area defined by a fixed radius value pro-
vided as an argument to the function. In order to get colors,
density values are scaled between 1 to 256, which is the num-
ber of colors in the scalebar.

Relative enrichment of DSBs around the TSS of expressed
genes. RNA-Seq data were used to calculate the expres-
sion levels of all the genes in three biological replicates from
shCTRL and shHMGBI cells. A ranking based on mean
RPKM values was produced and the 10% more and less ex-
pressed genes in the two cell types were extracted.
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From the BLISS bed file obtained after UMI dedupli-
cation and aggregation, we extracted the number of DSBs
present in windows of 500 bp around the TSS (-5 to +5 kb)
using the giggle tool (https://github.com/ryanlayer/giggle),
which performs at faster speed than bedrools. The frequency
of DSBs in each 500 bp window was calculated as the sum
of DSBs in that region in all genes divided by the total de-
tected DSBs in the 10 kb around the TSS (Figure 3E).

Fold enrichment of DSBs in OCRs, nucleosomes and NFRs.
For each shCTRL and shHMGBI sample, OCR in-
tervals (MACS2, OCR bed files) were intersected with
DSB positions using bedtools (https://academic.oup.com/
bioinformatics/article/26/6/841/244688).

DSBs falling inside OCRs or not were counted using the
-v option of the bedtools intersect function. The number of
DSBs inside or outside OCRs were normalized by the num-
ber of the base pairs inside or outside OCRs, respectively.
The fold enrichment (FE) of DSB events in OCRs relative
to whole genome was then calculated as FE = (DSBs in
OCRs/bp in OCRs) / (total DSBs/genome size in bp). The
same procedure was applied for nucleosomes and NFRs
called by NucleoATAC.

To disprove the null hypothesis that DSBs are homoge-
neously distributed in the genome (fold enrichment = 1),
we first generated a collection of random regions equivalent
in number and size to OCRs from ATAC-seq experiments.
To do so, we shuffled one thousand times the genomic lo-
cations of the OCRs using shuffle Bed from the BEDTools
Suite. We used the same procedure to test the statistical
significance of the fold enrichment of nucleosomes and
NFRs.

The nucleosome positioning cross-correlation bedgraph
track (smoothed version) produced by NucleoATAC was
used to produce the metadata profiles around nucleosome
dyad positions and around TSS of genes using deepTools
(Figures 2F and 4D, respectively).

Correlation between nucleosomal occupancy and DSBs.
The nucleosomes called by NucleoATAC in shCTRL and
shHMGBI1 ATAC-Seq experiments were intersected with
DSB positions of the corresponding samples using bedtools.
The number of DSBs found in every called nucleosome
was recorded, including the zero DSB events. The distribu-
tion of DSBs/nuc in the 1-10 range showed a linear rela-
tionship (log scale) with nucleosome frequencies (Supple-
mentary Figures S3B and S5A). For higher DSB/nuc val-
ues, nucleosome frequency is negligible and such outliers
would increase the noise in the fitting procedure. There-
fore, we considered for the analyses only nucleosomes bear-
ing 1-10 DSBs. Afterwards, nucleosomes were divided in
one hundred percentiles of occupancy, as calculated by
NucleoATAC. For each percentile, the number of DSB
events were used to estimate the parameters of negative
binomial distribution (using fitdist function of the fitdis-
trplus R package). The estimates were used to calculate
the probability of the events using the dnbinom function in
R. The log of probabilities of DSB occurrence was Pear-
son correlated to the log of the mean value of occupancy
(Figure 4E).


https://github.com/ryanlayer/giggle
https://academic.oup.com/bioinformatics/article/26/6/841/244688
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RESULTS
Mesothelioma cells have a high histone content

To test the histone content in the mouse MM cell line AB22
relative to primary mesothelial cells (PMC) derived from
the peritoneal cavity of BALB/c mice, we synchronized
PMC and MM cells in G1 to minimize fluctuations in DNA
and histone content occurring during the cell cycle (Supple-
mentary Figure S1A). Due to the stoichiometry of histones
in nucleosomes, histone H3 quantification is a reliable proxy
for the abundance of H4, H2A and H2B histones (22). MM
cells contain a significantly higher amount of histone H3
compared to PMC (Figure 1A and Supplementary Figure
S1E). Notably, the human mesothelioma cell line REN also
contains a higher amount of histone H3 relative to the non-
transformed mesothelial cell line L9 (Figure 1B). We thus
used AB22 MM cells (henceforth called MM cells) as our
experimental model.

We had proven that HMGB1 downmodulation decreases
the histone content in primary mouse embryonic fibrob-
lasts (22), as HMGBI acts as a DNA chaperone in nucle-
osome formation. We first confirmed that MM cells express
HMGBI at high levels (Figure 1C), and then tested whether
depleting HMGBI1 in MM cells would reduce their histone
content. We transduced MM cells with lentiviral vectors ex-
pressing either a specific ShRNA directed against HMGB1
(shHMGRBI) or a scrambled sequence (shCTRL) under the
control of a tetracycline-responsive promoter (Supplemen-
tary Figure S1B). We obtained cell populations with stably
integrated vectors but not expressing shRNAs. Doxycycline
efficiently induced HMGBI depletion in 3 days; the deple-
tion was maintained for up to 14 days (Supplementary Fig-
ure S1C) without affecting the viability of MM cells. After 7
days of doxycycline treatment, the depletion of HMGBI in
shHMGBI1 MM cells was remarkably homogeneous within
the cell population (Supplementary Figure S1D). After syn-
chronization in G1, we observed by Western blotting a small
but significant reduction of 10-15% in histone H3 content
in shHMGBI cells compared to shCTRL cells (Figure 1D
and Supplementary Figure S1F).

We also compared the histone content in the human cell
line MCF-7, representative of invasive breast cancer car-
cinoma, relative to the MCF-10A cell line, representative
of non-malignant breast epithelial cells. MCF-7 cells con-
tained a higher level of H3 histone relative to MCF-10A
cells, and this level was significantly reduced after HMGBI1
knockdown (Figure 1E).

Overall, our results show that human and murine
mesothelioma cell lines and a human breast cancer cell line
have a high abundance of histone proteins as compared to
normal counterparts, while HMGB1 knockdown decreases
their nuclear histone content.

Histone-depleted MM cells have fewer nucleosomes and a
lower genomewide nucleosomal occupancy

A reduced amount of histone proteins should result in an
alteration in nucleosome organization along the genome.
In fact, a yeast mutant bearing a deletion of the Nhp6a/b
genes, coding for the yeast proteins functionally equiva-
lent to mammalian HM GBI, has low histone protein con-

tent, displays increased DNA accessibility and reduced
nucleosome occupancy genomewide; notably, nucleosome
positioning is scarcely affected (22). We thus explored
whether nucleosome positioning and occupancy is affected
in shHMGB1 MM cells.

We applied ATAC-seq (25) to identify nucleosome-free
regions and nucleosomes within highly accessible chro-
matin (open chromatin regions, OCRs, Figure 2A) in G1-
synchronized shCTRL and shHMGBI cells. We obtained
DNA fragments with a typical size distribution: a high peak
of small fragments (<100 bp) deriving mostly from regions
of DNA not covered by nucleosomes, followed by two clear
peaks corresponding to DNA fragments with the size of
one or two nucleosomes (Figure 2B). Reads belonging to
the one-nucleosome size distribution and aligned to the ref-
erence genome were extracted and normalized per genome
coverage.

We used the computational tool NucleoATAC (32) to
identify sequences that are nucleosome-free or that are or-
ganized in nucleosomes. Overall, NucleoATAC called about
10% fewer nucleosomes and 4% more NFRs, per kb of se-
quenced DNA, in shHMGBI than shCTRL cells (Figure
2C). These results are completely in line with the biochem-
ical analyses, and indicate that fewer nucleosomes form in
shHMGBI cells, which contain less histones.

The gross distribution of reads corresponding to nucle-
osomal DNA (Figure 2D, in bins of 1 kb; Supplemen-
tary Figure S2, whole chromosome) is variable along chro-
mosome 10, representative of all 20 mouse chromosomes,
but comparable between sShCTRL and shHMGB1 samples.
The differences between the sitHMGBI track and the shC-
TRL track (gray track) are small in both directions. Even
at base-pair resolution, the positions of nucleosomes were
similar in shCTRL and shHMGB1 MM cells (Figure 2E).
Genomewide, the location of the dyad axis of correspond-
ing nucleosomes in shCTRL and shHMGB1 MM cells was
offset by only about 16 bp on average (Figure 2F). Nu-
cleosome positioning at transcription start sites was nearly
identical in shCTRL and shHMGBI MM cells (Figure
2@G). Thus, the genomewide positioning of nucleosomes was
hardly changed by reducing the histone content of MM
cells.

NucleoATAC also computes the nucleosome occupancy
for each sequence; its value is calculated at the base pair
level (32). We computed the occupancy of all nucleosomes
called in shHMGBI and in shCTRL datasets: each se-
quence i has an associated occupancy x; in shiHMGBI cells
and y; in sShCTRL cells. We then plotted the nucleosome oc-
cupancy score (x,y) in a density plot where the y-axis repre-
sents occupancy in the stHMGBI cells, and the x-axis rep-
resents occupancy in the shCTRL cells, respectively (Figure
2H).). We found that the fraction of nucleosomes with occu-
pancy between 0.25 and 0.4 in shCTRL cells (dotted area 2
in Figure 2H) is larger than the fraction of nucleosomes with
similar occupancy in shHMGBI1-MM cells (dotted area
1). These results indicate that sequences that have a high
probability of forming nucleosomes in shCTRL cells also
a high probability of forming nucleosomes in shHMGBI1
cells, whereas sequences that have a low probability of form-
ing nucleosomes in shCTRL cells have an even lower prob-
ability of forming nucleosomes in shHMGBI cells. Thus,
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in whole cell lysates of malignant mesothelioma (MM) cells and Primary Mesothelial Cells (PMC) were assessed by quantitative Western blotting. The
intensity of Coomassie staining was used as loading control and normalization (Supplementary Figure S1E). Bars and error bars represent average and
standard deviation, respectively (biological replicates are shown). Statistics: unpaired t-test. This experiment was repeated twice with comparable results.
(B) Histone H3 levels in REN human mesothelioma cell line and its non-tumoral counterpart, human mesothelial cell line LP9. The relative amount of H3
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Statistics: one-sample z-test. (C) HMGBI is highly expressed in MM cells as compared to PMC. Total cell lysates were analysed by quantitative Western
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in panel B. Statistics: one-sample 7 test (n = 4 independent experiments). MCF-7 cells and shB1-MCF-7 cells are statistically different (P = 0.0022 unpaired
t test); n.s. = not significant.

nucleosomal occupancy is not uniformly decreased over the
genome of shHMGBI cells but is lower where the occu-
pancy is already low in shCTRL cells. This is comparable
with results obtained in Nhp6a/b mutants in yeast (22).

Overall, our results show that HMGB1 downmodulation
in MM cells changes chromatin conformation by decreasing
the number of nucleosomes and their relative occupancy,
but not their position.

Cells with fewer nucleosomes accumulate more DNA damage

We previously showed that IR causes more DNA breaks in
nucleosome-poor Hmgbl~/~ MEFs than in wt MEFs (22);
therefore we expected that nucleosome depletion in MM
cells would increase the sensitivity of their DNA to IR.

We exposed shCTRL and shHMGB1 MM cells to in-
creasing doses of gamma rays from a cesium source, and
immediately cooled and processed the cells, thus avoiding
the repair of DNA breaks by DNA repair mechanisms. Us-
ing an alkaline comet assay we evaluated the extent of DNA

damage by quantifying the amount of DNA that migrates
out of lysed cells in an electric field.

As expected, in both cell types the amount of DNA
breaks increased with IR dose (Figure 3A). Of note, at
any given IR dose, sitHMGBI cells contained significantly
more DNA breaks than sShCTRL cells; non-irradiated shH-
MGBI and shCTRL cells were not statistically different
(Figure 3B).

Thus, even a modest decrease in histone content corre-
sponds to a significant increase in the susceptibility of ge-
nomic DNA to breaks induced by IR.

We then investigated the physical relation between de-
creased nucleosome occupancy and increased susceptibil-
ity to IR-induced DNA damage. We G1-synchronized shC-
TRL and shHMGBI1 MM cells and irradiated them with
0, 3, 5 and 10 Grays. The cells were then immediately
paraformaldehyde-fixed to block the onset of any DNA re-
pair event. We located DSBs in the genomic sequence us-
ing BLISS (26) (Figure 3C). We mapped the positions of
DSBs on the reference genome and estimated the maximal
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Figure 2. HMGBI

knock-down MM cells have fewer nucleosomes and lower nucleosome occupancy genomewide. (A) Summary of ATAC-seq protocol.

Open Chromatin regions (OCRs) correspond to regions with a high frequency of transposition events. (B) Fragment size distribution of ATAC-seq libraries
obtained from shCTRL and shHMGB1 MM cells. Shaded areas (0-100 and 186-282 bp) indicate the sizes of the ATAC-seq fragments corresponding to
NFRs and mononucleosomes. (C) NUCs and NFRs called by NucleoATAC, normalized for the number of base pairs belonging to OCRs in both cell
lines. (D) Distribution of mononucleosome reads normalized by library size on a section of chromosome 10 (bins of 1 kb, scalebar) in sShCTRL (blue)
and shHMGBI (yellow) MM cells. The gray track represents the difference between yellow and blue tracks. (E) Positioning of nucleosomes on 3 kb
around the promoter of the Fhx030 gene in shCTRL (blue) and shHMGBI (yellow) MM cells. Rectangles mark the positions of the called nucleosomes.
(F) Comparison of genomewide nucleosome positioning. Frequency distribution of the distance (in either direction) between the dyad axes of paired
nucleosomes in ShCTRL and shHMGBI1 MM cells. The mode of the distribution is 16 bp. (G) Nucleosome positioning around TSS of all genes; the mean
cross-correlation signal is centred at the TSS. (H) Scatter density plot of nucleosome occupancy score in shCTRL (x axis) and shHMGBI (y axis) cells,
as calculated by NucleoATAC tool. Each point is colored by its estimated local density (scalebar). A dashed line for perfect linear relationship (x = y) is
indicated. Dashed numbered boxes are drawn to help visualization of differences between shCTRL and shHMGBI1 nucleosome occupancy.
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Figure 3. Irradiation of nucleosome-poor MM cells produces more DNA breaks. Quantification of DNA breaks by alkaline comet assay in sitCTRL and
shHMGBI cells irradiated with increasing doses of y rays. (A) Representative images of DNA comets. (B) Distributions of comet tail moment ( = % DNA
in Tail x Tail Length) in N >120 cells per group; boxes and whiskers correspond to 25-75 and 5-95 percentiles, respectively; horizontal line is the median.
Statistical analysis was performed with two-way ANOVA: the differences between cell types, between IR doses, and the interaction between cells types and
doses are all highly significant, P < 0.0001. The significance of the differences between cell types at each dose was estimated applying Bonferroni’s post-test;
NS, not significant; *** P < 0.001. This experiment was repeated twice with comparable results. (C) Summary of the BLISS protocol: living cells were
exposed or not to radiation, immediately fixed, and DSB free ends were labelled in situ by adapter ligation. Sequencing of BLISS libraries generated reads
that accumulate bidirectionally from the original break (piles of black lines). Arrows: endogenous breaks; strikes: radiation induced breaks). (D) Estimated
number of DSBs in shCTRL (blue) and shHMGBI (yellow) cells irradiated with 0, 3, 5 and 10 Gy; dots and lines represent biological replicates and means,
respectively. The fitting for DSB estimation is shown in Supplementary Figure S3A. Statistics: two-way ANOVA. The effects of irradiation dose, genotype
and their interaction are all significant (P = 0.018, P = 0.002, P = 0.0016, respectively). (E) DSB distribution in the 10 kb around the transcription start
site (TSS) of the 10% most transcribed (magenta line) or the 10% least transcribed genes (black line). The frequency of DSBs in each 0.5 kb window is the
percentage of total DSBs in the 10 kb around the TSS; in a uniform distribution each 0.5 kb would contain 5% of the total DSBs. The DSB distributions
in shCTRL and shHMGB1 MM cells irradiated with 10 Gy shown here are similar to those in all the other samples (Supplementary Figure S3D).

number of DSB per library (Supplementary Figure S3A).
In both cell types, the number of DSBs increased with the
dose of gamma radiation and was significantly higher at
each dose in shtHGMBI1 compared to shCTRL cells (Fig-
ure 3D).

A strong correlation between DSB location and tran-
scribed sequences has long been observed (26,35). To iden-
tify transcribed sequences in MM cells, we profiled gene
expression by RNAseq in G1-synchronized shCTRL and
shHMGRBI cells. We then calculated the relative enrichment

of DSBs within 5 kb of Transcription Start Sites (TSS) in
the top 10% or bottom 10% expressed genes. We found, as
expected, that DSBs are enriched at the TSS of the most
transcribed genes, with no clear difference between the two
genotypes (Figure 3E, Supplementary Figure S3D).

Overall, these results show that cells with fewer nucle-
osomes are more sensitive to radiation-induced SSBs and
DSBs. We find the expected enrichment of DSBs over the
TSS of expressed genes in both shHMGBI1 and shCTRL
MM cells.
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shHMGB1 MM cells are shown as representative result; the same results hold true for all BLISS samples (Supplementary Figure S4A). (B) DSBs are
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0.001, calculated as in panel A and shown in Supplementary Figure S4B,C. (C) Nucleosomes damaged by a DSB have lower occupancy. The distribution
of occupancy values is shown for intact nucleosomes and DSB-containing nucleosomes in two representative samples (shCTRL-MM cells irradiated or
not with 10 Gy). Boxes and whiskers correspond to 25-75 and 5-95 percentiles, respectively; horizontal line is the median. Statistics, Mann-Whitney test.
(D) DSBs accumulate far from the nucleosome dyad axis. DSB relative coverage (left y-axis, reads per genome coverage) on metadata profiles centred on
nucleosome dyads (black line; right y-axis: cross-correlation normalized signal from NucleoATAC). Blue lines represent DSB coverage averaged on the
two replicates of unirradiated (fill) and 10 Gy irradiated (dashed) shCTRL cells. (E) The probability of harboring DSBs decreases as nucleosome occu-
pancy increases. Each dot represents one percentile in nucleosome occupancy. The x-axis, log scale, is the nucleosome occupancy value; the y-axis, log
scale, is the probability to harbor one or more DSBs. The linearity in the log-log plot indicates a power distribution. Statistics: Pearson correlation on the
log-transformed values. This result holds true for all the other BLISS samples (Supplementary Figure S4D).

Nucleosomes protect DNA from damage

We next integrated the information on nucleosome posi-
tioning and occupancy (derived by ATAC-seq) with the lo-
cation of DSBs (derived by BLISS). We first located DSBs
and asked whether they are enriched in OCRs. Indeed,
DSBs are strongly enriched within OCRs relative to the
whole genome, both for shtCTRL and shHMGBI cells and
regardless of the dose of radiation used (Figure 4A and Sup-
plementary Figure S4A).

We then considered separately sequences in OCRs occu-
pied by nucleosomes (NUCs) and nucleosome-free regions
(NFRs), as identified by ATAC-seq. In both shCTRL and
shHMGBI cells, DSBs are enriched in NFRs as compared
to nucleosome-occupied regions, suggesting that the pres-
ence of a nucleosome might interfere with ROS accessibility
to DNA. We then sorted all the nucleosomes identified by
NucleoATAC into two groups: nucleosomes on sequences
where at least one DSB was mapped (DSB present), and
nucleosomes on sequences with no identified DSB (DSB
absent). In shCTRL cells, the occupancy of nucleosomes
where DSBs were present was significantly lower than the
occupancy of those where DSBs were absent, both in the

case of endogenous DSBs (0 Gy radiation) or IR-induced
DSBs (Figure 4C). Thus, DNA protected by nucleosomes
with higher occupancy has a lower probability of suffering
a DSB.

To visualize the relative locations of DSBs and nucleo-
somes genomewide, we averaged the positioning signal of all
nucleosomes identified by NucleoATAC in shCTRL cells,
and superimposed the probability of finding a DSB at each
nucleotide starting from the dyad axis (Figure 4D). This
procedure is equivalent to mapping all DSBs relative to the
dyad axis of a meta-nucleosome. An inverse correlation be-
tween the probability of being occupied by a nucleosome
and the presence of DSBs is clearly visible. These data indi-
cate that DSBs occur with higher probability on sequences
that are distant from the nucleosome dyad.

We then calculated the correlation between nucleosome
occupancy and the probability of harboring a DSB. We
produced one hundred sets of nucleosomes based on their
relative occupancy; each set represents a one-percentile in-
crease in occupancy. We then calculated the probability den-
sity function of being damaged by a DSB, using the actual
number of DSBs found on the sequences contained in each
set of increasingly occupied nucleosomes. As seen in Fig-
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Figure 5. DSBs anti-correlates with nucleosome occupancy in human MCF-7 cells. (A) Interrogation of public datasets: The probability of harboring
endogenous DSBs anticorrelates with nucleosome occupancy. This hypothesis was tested on BLISS and ATAC datasets produced and published by other
groups: ATAC-seq GSE101736, GSM2714245; BLISS GSE136365, GSM4047452 (left) and GSM4047456 (right). Each dot represents one percentile in
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Statistics: Pearson correlation on the log-transformed values. (B) Estimated number of DSBs in MCF-7 cells, expressed as fold change over the paired
control sample (not treated not irradiated). MCF-7 cells were pre-treated (magenta) or not (green) with 10 mM N-acetyl-L-cysteine (NAC) for 1 h and
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Irradiation dose (P = 0.0063) and interaction of irradiation and NAC treatment (P = 0.043) are statistically significant; NAC treatment (P = 0.28) is not.
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seq raw data from GSE101736). The x-axis, log scale, is the nucleosome occupancy value; the y-axis, log scale, is the probability to harbor one or more

DSBs. Statistics: Pearson correlation on the log-transformed values.

ure 4E, the probability of harboring one or more DSBs
strongly anti-correlated with the occupancy, for both en-
dogenous and IR-induced DSBs, and in both shCTRL and
shHMGBI cells. The correlation was extremely significant
and replicated with each dose of irradiation (Supplemen-
tary Figure S4D). On average, the probability of being dam-
aged by a DSB is ~4-fold lower (0.02 versus 0.09) for a
nucleosome with 99-100% occupancy, relative to a nucle-
osome with 20% occupancy (which can be modeled as a
nucleosome that insists on a specific sequence 20% of the
time). Notably, we could interpolate a straight line through
the log-log transformation of data points, indicating that
the probability of harboring a DSB follows a power distri-
bution. The slope was —0.7 to —0.8; a slope close to —1
means the probability of DSB formation is directly propor-
tional to the probability of the sequence being nucleosome-
free at the time of irradiation.

Overall, our analysis shows that DSBs occur mainly in re-
gions of accessible chromatin (OCRs) and with much higher
probability in nucleosome-free regions and in sequences
with lower nucleosomal occupancy. Thus, DSBs mainly oc-
cur on sequences stably or temporarily not occupied by a
nucleosome.

Anti-correlation between DSB probability and nucleosomal
occupancy in the human cell line MCF-7

To extend our data to other cell lines, we looked for public
datasets where cells had been analyzed both by BLISS and

ATAC-seq. Datasets in GSE136365 describing the DSBs
distribution in non-irradiated human MCF-7 breast can-
cer cells (36) were intersected with ATAC-seq data from
control-treated MCF-7 cells, GSE101736 (37). Indeed, a
highly significant negative correlation between nucleosome
occupancy and probability of harboring a DSB was clearly
present in MCF-7 cells either transfected with a control
scrambled siRNA, or exposed to DMSO as control for a
pharmacological treatment (Figure 5A).

We could not find any example of BLISS analysis of ir-
radiated cells, and we therefore proceeded to generate our
own BLISS data on MCF-7 cells irradiated or not with 10
Gy. We also pre-exposed cells to the anti-oxidant N-acetyl-
L-cysteine (NAC) for 1 h, in order to confirm that ROS
are involved in the generation of DSBs, as already reported
(38). Indeed, irradiation significantly increased the number
of DSBs, whereas NAC pre-exposure largely suppressed this
increase (Figure 5B). We calculated with NucleoATAC the
nucleosome occupancy in MCF-7 cells, based on the raw
data available in GSE101736. We then divided nucleosomes
in 100 sets of increasing occupancy and calculated the prob-
ability of each set of nucleosomes of harboring a DSB
(based on our own BLISS data) (Figure 5C and Supplemen-
tary Figure S5B). A higher proportion of highly occupied
nucleosomes were identified by NucleoATAC on MCF-7
cells, relative to our data on MM cells; this was possibly due
to size selection of the DNA to be sequenced, partially ex-
cluding small fragments (37, and Materials and Methods).
Despite these potential confounding factors, the inverse cor-
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relation between nucleosome occupancy and the probabil-
ity of harboring a DSB is extremely significant in MCF-7
cells, irradiated and non-irradiated, and pre-exposed or not
to NAC. The slopes of the interpolations in log-log plots for
all MCEF-7 cell samples (—0.7 to —1.0) is comparable to the
slope in MM cells (—0.7 to —0.8).

Thus, we find a convincing inverse correlation between
nucleosome occupancy and the probability of harboring a
DSB in a human cell line, in addition to mouse MM cells.

DISCUSSION

Nucleosomes shield DNA from radiation-induced DNA dam-
age

By intersecting ATAC-seq and BLISS data, which allow to
map the distribution of nucleosomes and DSBs over the
genome, respectively, we show here that in living cells nu-
cleosomes effectively shield DNA from DSBs produced by
ionizing radiation.

To derive our conclusions, we took advantage of murine
malignant mesothelioma (MM) cells, which contain ~1.5-
fold more histones than their normal mesothelial cell coun-
terpart, and reduced their histone and nucleosome content
by knocking down HMGBI, a DNA chaperone that facili-
tates nucleosome formation. Previously, we had shown that
HMGBI depletion, either genetic or by silencing, causes hi-
stone and nucleosome depletion in MEFs and HeLa cells
(22). Of note, the histone reduction obtained by HMGBI1
silencing in MM cells is small-—about one nucleosome in
ten is missing, overall (Figures 1 and 2)—but is sufficient
to significantly increase the sensitivity to DNA damage, as
assessed by both comet assays and NGS-based assays (Fig-
ures 3 and 4). Even more notably, the positioning of nucleo-
somes is hardly affected when nucleosomes are depleted, in
accordance with the view that the position of nucleosomes
is dictated (albeit indirectly) by the DNA sequence itself
(10,11). The invariant location of nucleosomes enables us
to use the data obtained in the two MM cell lines as repli-
cate of each other, since a specific sequence is interrogated
twice, once in the control cells and once in the nucleosome-
depleted cells. Indeed, the relation between nucleosome oc-
cupancy and DSB occurrence holds true in both cell lines,
and is also true in human MCF-7 cells that we used for data
replication.

An inverse correlation between the packaging of DNA
into chromatin and the incidence of radiation-induced
DSBs had already been noticed in vitro (7,8), but we extend
those early results to living cells and to nucleosome occu-
pancy at base pair resolution. The anti-correlation between
the probability of DSB occurrence and nucleosome occu-
pancy is both high and extremely significant, and follows a
power law, since it can be interpolated by a straight line after
a log-log transformation. Notably, the slope of the line in-
terpolating the log-log transformed data is —0.7 to —0.8 in
MM cells, where a slope of —1 would indicate an inverse lin-
ear relationship between the two variables. Since occupancy
can be interpreted as the amount of time a given sequence
spends packaged into a nucleosome, we infer that DSB for-
mation is almost inversely proportional to the amount of
time the sequence is occupied by a nucleosome. The proba-
bility of DSB formation on sequences not packaged in nu-

cleosomes, e.g. on NFRs, is about five times as big as the
probability of DSBs forming on sequences of highest occu-
pancy, which are almost always packaged into a nucleosome
(Figure 4E). We observed a comparable anti-correlation be-
tween nucleosome occupancy and DSB formation in the hu-
man MCF-7 line.

The genomic distribution of DSBs

A notable conclusion from our data is that DSB distribution
is very similar in irradiated and non-irradiated cells. This
is in agreement with the consensus that the DNA-reactive
species in both irradiated and non-irradiated cells are the
same —reactive oxygen species (ROS). N-Acetyl-L-cysteine
(NAC), a ROS scavenger, reduces the amount of DNA dam-
age upon irradiation (38, and Figure 5).

Itis tempting to speculate that the probability of DSB for-
mation within a nucleosome is proportional to the solvent
accessible surface of DNA, which is estimated to range be-
tween one-quarter to one-third relative to free DNA, due
to the occlusion of the surface of contact with the histones.
However, this would imply that NFRs are not protein-
bound, which is clearly not the case because NFRs are pref-
erentially bound by transcription factors. Possibly, the sol-
vent accessible surface of DNA within nucleosomes in liv-
ing cells is even lower than that estimated in dilute solu-
tions, reflecting a tight packing of neighboring nucleosomes
in the nucleus. This would readily explain the different ac-
cessibility of DNA bound by transcription factors and that
of DNA in nucleosomes.

We note that if solvent accessibility of nucleosome-
packaged DNA is the main route of DNA damage caused
by ROS, nucleosomes might also provide a barrier to alky-
lating agents and other DNA reactants. As for UV, the other
widespread physical mutagen, it has already been noticed
that nucleosomes in vitro protect from the formation of cy-
clobutane pyrimidine dimers (CPDs) because of the distor-
tion of the planarity between consecutive base pairs (39). In
fact, the DNA in contact with the nucleosome is protected
from CPDs induced by UV irradiation in melanoma cells
and the probability of a CPD to occur does anticorrelate
with the nucleosome stability (40). Notably, the depletion of
nucleosomes in yeast increases the susceptibility of DNA to
UV irradiation (41).

Beside ROS, there is another proposed source of DSBs:
stalled replication forks, which are processed to DSBs to al-
low the continuation of replication after the repair of the
DNA template. Stalled forks are not expected to correlate to
prior nucleosomal occupancy, as nucleosomes are removed
to allow replication. In our experiments on MM cells, cells
were synchronized in G1 at the time of irradiation, and
therefore very few were replicating their DNA and might
have contained stalled replication forks. The experiments
on MCF-7 were performed on cycling cells; the results were
broadly similar to the results obtained in G1-synchronized
MM cells.

Our analyses (Figure 3E) are concordant with old (35)
and new findings (26) showing that DSBs are more fre-
quently associated with gene promoters of highly tran-
scribed genes. Yan et al. (26) measured DNA damage in cells
exposed to etoposide, which traps topoisomerases on tor-



sionally stressed DNA. We suggest that our result and those
by Yan et al. are similar because of two different mechanis-
tic reasons: promoter sequences are more accessible to ROS
because of the low occupancy by nucleosomes, and are more
prone to etoposide-induced damage because promoters ac-
cumulate toposoisomerases.

Nucleosomal occupancy and radiation sensitivity

In our work, we used MM cells because they contain a high
amount of histones and nucleosomes, especially in rela-
tion to their normal counterpart, primary mesothelial cells
(PMCs). The comparison of MM and PMCs shows that
PMCs have ample space for additional nucleosomes and,
conversely, that a lot of the genome is not covered by nucle-
osomes at any one time in PMCs. Our analysis also suggests
that MM cancer cells may be less prone to DNA damage
than PMCs, which may have relevance for radiotherapy. It
also suggests that cell types with very low nucleosomal oc-
cupancy, such as embryonic stem (ES) cells (18,19) or senes-
cent cells (16,17), may be exquisitely sensitive to DNA dam-
age. Notably, ES cells minimize ROS damage by relying for
energy production on glycolysis rather than ROS-producing
oxidative phosphorylation, and by expressing antioxidant
defences, yet they have a constantly activated DNA dam-
age response (DDR) (42); this is possibly a consequence of
higher DNA vulnerability to damage.

CONCLUSION AND PERSPECTIVE

Overall, we have shown that nucleosomes effectively shield
DNA from ionizing radiation and ROS, and we argue that
this may be true for a variety of chemical and physical
DNA damaging agents. The consequence is that genome re-
gions depleted from nucleosomes, such as promoters of ac-
tively transcribed genes, are more sensitive to DNA damage,
and consequently to mutation deriving from incorrect re-
pair. This creates an evolutionary dilemma: DNA protected
by nucleosomes is more resistant to damage (has a thicker
shield), but nucleosomes restrict the accessibility of critical
gene control regions such as promoters and enhancers (the
shield is heavy and inconvenient). We suggest that different
cell types might pack their DNA somewhat differently to re-
spond to this dilemma; conversely, organisms might select
for high nucleosome occupancy to reduce the rate of muta-
tion of specific sequences.
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