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Abstract 

Background Nucleosome repositioning in cancer is believed to cause many changes in genome organisation 
and gene expression. Understanding these changes is important to elucidate fundamental aspects of cancer. It 
is also important for medical diagnostics based on cell-free DNA (cfDNA), which originates from genomic DNA 
regions protected from digestion by nucleosomes.

Results We have generated high-resolution nucleosome maps in paired tumour and normal tissues from the same 
breast cancer patients using MNase-assisted histone H3 ChIP-seq and compared them with the corresponding 
cfDNA from blood plasma. This analysis has detected single-nucleosome repositioning at key regulatory regions 
in a patient-specific manner and common cancer-specific patterns across patients. The nucleosomes gained 
in tumour versus normal tissue were particularly informative of cancer pathways, with ~ 20-fold enrichment at CpG 
islands, a large fraction of which marked promoters of genes encoding DNA-binding proteins. The tumour tissues 
were characterised by a 5–10 bp decrease in the average distance between nucleosomes (nucleosome repeat length, 
NRL), which is qualitatively similar to the differences between pluripotent and differentiated cells. This effect was cor-
related with gene activity, differential DNA methylation and changes in local occupancy of linker histone variants H1.4 
and H1X.

Conclusions Our study offers a novel resource of high-resolution nucleosome maps in breast cancer patients 
and reports for the first time the effect of systematic decrease of NRL in paired tumour versus normal breast tis-
sues from the same patient. Our findings provide a new mechanistic understanding of nucleosome repositioning 
in tumour tissues that can be valuable for patient diagnostics, stratification and monitoring.
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Background
Nucleosome positioning is one of the main determinants 
of gene regulation. Apart from its fundamental impor-
tance, understanding the consequences of nucleosome 
positioning is promising for clinical diagnostics based on 
cell-free DNA (cfDNA) [1]. cfDNA is composed of DNA 
fragments released into body fluids after digestion of 
nuclear chromatin by nucleases present in situ as a result 
of apoptosis and a number of other processes [2]. Such 
DNA fragments are protected from nuclease digestion by 
nucleosomes and other DNA-bound proteins, and there-
fore, cfDNA analysis allows the construction of nucleo-
some maps. The natural process of cfDNA formation is 
similar to MNase-seq experiments in which chromatin 
is digested between nucleosomes by micrococcal nucle-
ase (MNase), and MNase-resistant DNA fragments are 
analysed [3, 4]. While the connection between nucleo-
some positioning in tissues and cfDNA is of particu-
lar importance, only a few low- to moderate-resolution 
nucleosome landscapes have been previously reported in 
breast cell lines [5–11], and none available in paired nor-
mal/tumour primary tissues from breast cancer (BRC) 
patients. It is worth noting that the lack of nucleosome 
positioning datasets in paired normal/tumour tissues is 
also characteristic for other cancers.

Our recent study in chronic lymphocytic leukaemia 
uncovered some of the rules of cancer-specific nucleo-
some repositioning in B-cells from peripheral blood [12], 
but nucleosome repositioning in solid tissues remains 
enigmatic. One of the reasons for this is that chroma-
tin in solid tissues may have vastly different properties 
than chromatin from immortalised cell lines, which have 
been used historically as model systems for nucleosome 
positioning. For example, as early as in 1976, Compton 
et  al. [13] compared nucleosome repeat length (NRL) 
values from different studies in normal and cancer cells 
and observed that normal cells in culture have shorter 
NRLs in comparison with primary cells in tissues. This 
means that the detection of differences in nucleosome 
positioning between normal and tumour cells in culture 
may be challenging, and it may not represent the effects 
happening in  situ. To overcome these challenges, here 
we have generated the first resource comprised of ultra-
high-resolution nucleosome maps in paired normal and 
tumour breast tissues, as well as in cfDNA from the same 
patients.

The dataset reported here contains about 20 billion 
paired-end sequenced reads, which makes it one of the 
largest nucleosome positioning resources of its kind. This 
allowed us to perform a systematic analysis of BRC-spe-
cific nucleosome repositioning in  situ. Discrete nucleo-
some repositioning was enriched at gene promoters 
encoding key BRC transcription factors (TFs), as well as 

at cancer-sensitive subsets of TF binding sites. In addi-
tion, we found that cancer tissues are characterised by 
a 5–10  bp decrease in NRL and we have investigated 
potential molecular mechanisms of such dramatic short-
ening of distances between nucleosomes. These new 
results open clinically relevant avenues based on analyses 
of cancer-specific nucleosome reorganisation.

Methods
Human tissues and blood
We studied matched tissue samples and blood samples 
from the same individual patients as described below. Pri-
mary tumour tissues together with paired peripheral tis-
sues (also called “normal”) were collected during surgery 
from breast cancer patients numbered P1–P4 treated at 
the Colchester General Hospital. Tumour tissues were 
taken from the centre of the tumour, and normal tis-
sues were taken from a distance of about 1 mm from the 
periphery. For patients P1 and P3 in addition matching 
blood samples were drawn before the surgical procedure. 
Samples were stored at −  80  °C. Detailed morphologi-
cal and molecular characterisation of the paired normal/
tumour breast tissues from the patient cohort to which 
the patients studied here belong has been performed in 
our previous publications [14–16]. The paired peripheral 
tissues displayed morphological characteristics identical 
to normal breast tissues whereby the following structures 
were present: breast ducts and lobules with two cell lay-
ers consisting of inner luminal/epithelial cells and outer 
basal/myoepithelial cells, blood vessels and stromal cells. 
Two tissue types had distinct proliferative states. Normal 
breast tissues were negative for the proliferation marker 
Ki-67, whereas breast tumour tissues were positive  
(see  Fig.  S4 in Docquier et  al., [14]). The cell composi-
tion of the paired breast tissues from this cohort was also 
clarified in our previous work [14] using immunofluo-
rescent staining with markers specific for different cell 
types: CK14 for myoepithelial cells and CK19 for luminal 
cells. Normal breast tissues were composed of myoepi-
thelial cells and luminal cells. Tumour tissues were com-
posed predominantly of luminal cells. Detailed clinical 
information for patients P1 and P2 provided by the Col-
chester General Hospital is available in Additional file 1: 
Table  S1. Both patients P1 and P2 are ER-positive. For 
patient P3, we determined ERα status using Western blot 
(Additional file  1: Figure S1), which did not detect ERα 
presence in the tumour sample.

MNase‑seq and MNase‑assisted histone H3 ChIP‑seq 
(MNase‑H3)
Chromatin extraction
Frozen tissue was first ground into fine powder in liq-
uid nitrogen. It was further homogenised by manual 
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douncing in 5  ml ice-cold Buffer I (0.3  M Sucrose in 
60 mM KCl, 15 mM NaCl, 5 mM  MgCl2, 0.1 mM EGTA, 
15  mM Tris–HCl (pH 7.5) with freshly added 0.5  mM 
DTT, 0.1  mM phenylmethylsulfonyl fluoride (PMSF) 
and 1X  Protease Inhibitor Cocktail, Thermo Scientific 
Halt Protease Inhibitor Single-use Cocktail (100X). The 
homogenised cell suspension was centrifuged in a 15 ml 
Falcon conical centrifuge tube at 6000  g for 10  min at 
4 °C. The precipitated cells were re-suspended in 500 µL 
of Buffer I; then, 500 µL of Buffer II (same as Buffer I, but 
with freshly added 0.4% (v/v) IGEPAL CA-630) was gen-
tly added on top and the lysate was incubated on ice for 
3 min, followed by centrifugation at 3000 g for 3 min at 4 
°C. The pellet was re-suspended in 1 ml of ice-cold NBR 
Buffer (85  mM NaCl, 5.5% Sucrose, 10  mM Tris–HCl 
pH 7.5, 3 mM  MgCl2, 1.5 mM  CaCl2 with freshly added 
0.2 mM PMSF and 1 mM DTT) and centrifuged at 3000 g 
for 3  min at 4  °C. The pellet then was re-suspended in 
200  µl of NBR buffer. Samples were treated with 1  µl 
RNAse A (10  mg/ml) per 100  µl of nuclear lysate for 
5 min at room temperature.

MNase digestion
MNase restriction enzyme (Sigma, Cat No: N5386-
500UN) was diluted to 1U (Sigma Boehringer Units) in 
MNase buffer (50% Glycerol, 10  mM Tris pH  7.6 and 
50 mM NaCl). The pellets re-suspended in 200 µl of NBR 
buffer in the chromatin extraction step were digested 
with MNase as follows. Chromatin derived from paired 
normal and tumour tissue was diluted with NBR buffer 
to keep the same concentration in both preparations. 
For each patient, a small aliquot of total 1 µg of extracted 
chromatin was titrated with MNase to determine the 
optimal digestion conditions to achieve 80:20 relative 
abundance of mono- and dinucleosome fractions on the 
1.3% agarose gel. These optimised digestion conditions 
were then applied to the remaining chromatin from a 
given patient. The MNase digestion was stopped by addi-
tion of equal volume (NBR:STOP, 1:1) of STOP Buffer 
(215  mM NaCl, 10  mM TrisHCl pH 8, 20  mM EDTA, 
5.5% Sucrose, 2% TritonX 100 with freshly added 0.2 mM 
PMSF, 1  mM DTT and 2X Protease Inhibitors). After 
digestion, chromatin was incubated on ice in the fridge at 
4 °C overnight to release the digested chromatin.

Chromatin immunoprecipitation (ChIP)
10 µl of Protein A beads (Dynabeads™ Protein A; Invit-
rogen) equivalent to 10 µl bed volume of slurry was pre-
pared per each ChIP reaction. Bead storage buffer was 
aspirated, and the beads were washed twice in 500  µl 
block solution (0.5% BSA (w/v) in PBS supplemented 
with 0.1 mM PMSF). Beads sufficient for 4 ChIP samples 
were all combined and dissolved in 600 µl block solution 

with the addition of 5  µg of anti-H3 antibody Abcam 
AB1791 per ChIP reaction (20 µg for 40 µl of beads for 
4 ChIP samples). The antibody-bead solution was incu-
bated on a slowly rotating wheel at 4  °C for two hours. 
After incubation, the beads were again washed in 600 µl 
block solution to remove unbound antibodies. The chro-
matin was incubated overnight after MNase digestion 
and then centrifuged for 10 min at a max speed of 9800 g 
at 4  °C. The supernatant with released chromatin was 
collected and stored at −  20  °C and used for the ChIP 
experiment. Five per cent of chromatin volume used for 
MNase-assisted ChIP-seq was frozen at − 20 °C as input 
and used for MNase-seq. Three hundred µl of chromatin 
was incubated with the antibody-bound Protein A beads 
for 3 h on a rotating wheel at 4 °C. Unbound chromatin 
was washed four times in 1  ml volume of ChIP-Wash 
buffer (150  mM NaCl, 10  mM Tris–HCl pH 8, 2  mM 
EDTA, 1% NP40, 1% sodium  deoxycholate with freshly 
added 0.5  mM DTT, 0.1  mM PMSF and 1X  Protease 
Inhibitor Cocktail). The initial wash of bound beads was 
done by gently mixing beads in the ChIP-Wash buffer 
for one min. For the subsequent three washes: the tube 
was rotated for 5  min at 4  °C on a rotating wheel, then 
placed in a magnetic rack for 1 min at 4 °C and then the 
supernatant was withdrawn. After two washes, the beads 
with wash buffer were transferred to new tubes. And as 
a final step, the beads were washed with 1 ml of filtered 
1X TE buffer (10 mM Tris–HCl containing 1 mM EDTA) 
at room temperature, after which the TE buffer was 
removed as above. The elution of bound chromatin was 
performed with 100 µl of Elution buffer (0.1 M  NaHCO3, 
1% SDS) supplemented with 2  µl of Proteinase K per 
ChIP sample tube. The beads were incubated with the 
elution buffer for 6–12 h at 55 °C. Similarly, 2 µl of Pro-
teinase K was added to the input material and incubated 
at 55  °C for 6–12  h. The incubated beads were briefly 
vortexed and the supernatant was collected by placing 
the tubes in a magnetic rack. The beads were addition-
ally washed in 20 µl of elution buffer and the supernatant 
collected as above. The eluants were further purified with 
PCR purification columns according to the manufactur-
er’s instructions and eluted in 20  µl of elution buffer of 
the kit. These final eluants were stored at − 20 °C ready 
for the library preparation step.

cfDNA extraction
Cell-free DNA was extracted from 500 µl of blood plasma 
or serum as detailed below, following the instructions of 
the purification kits. For patient P1, cfDNA was extracted 
from 500  µl of blood serum using Plasma/Serum Cell-
Free Circulating DNA Purification Mini Kit (Norgen 
Biotek Corp). For patient P3, cfDNA was extracted from 
500  µl of blood plasma using Plasma/Serum Cell-Free 
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Circulating DNA purification Mini Kit (Norgen Biotek 
Corp) and additionally, cfDNA was extracted from 500 µl 
of blood plasma using DNeasy Blood and Tissue Kit 
(Qiagen).

Sequencing data processing
Breast tissue samples for patients P1–P3 were sequenced 
at the National Institutes of Health Frederick sequencing 
facility on Illumina NovaSeq S4, TruSeq ChIP Library 
Prep Kit (IP-202–1012), 2 × 100  bp paired-end mode. 
cfDNA samples for patients P1 and P3 were sequenced 
as above, but in 2 × 150 bp paired-end mode. Samples for 
patient P4 were sequenced in the Fraunhofer Institute for 
Interfacial Engineering and Biotechnology IGB on Illu-
mina HiSeq 2500 sequencer, 2 × 75 bp paired-end mode, 
using NEBNext Ultra II Kit from NEB for library prepa-
ration. Paired-end sequenced reads were mapped with 
Bowtie [17] to human genome hg19, considering only 
uniquely mapped reads and allowing up to one mismatch. 
This resulted in ~ 500 million mapped reads per sample 
(see details in Additional file 1: Tables S2–S3). NucTools 
[18] pipeline was used to obtain BED files with mapped 
nucleosomal DNA fragments including information 
about DNA fragment sizes. A set of Perl scripts called 
cfDNAtools developed for the next steps of the analysis 
reported here is available at https:// github. com/ TeifL ab/ 
cfDNA tools. cfDNAtools script extract_nuc_sizes.pl was 
used to extract fractions with DNA fragments with sizes 
between 100–120  bp, 120–140  bp, 140–160  bp, 160–
180  bp and 180–200  bp. Intersections between regions 
of interest were done using BEDTools [19]. Subsequently, 
each sample was analysed individually.

Cell culture
A549 and T47D cells were acquired from the ATCC 
and cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM, Corning, NY, USA) or Roswell Park Memorial 
Institute (RPMI, Corning) medium 1640, respectively. 
Media were supplemented with 10% FCS and 2  mM 
L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomy-
cin (PSG, Sigma-Aldrich, MI, USA) and cultured as pre-
viously described [20].

Immunoblotting
Samples were lysed in RIPA buffer (150  mM NaCl, 
1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% 
SDS, 25  mM Tris pH 7.4) containing freshly added 
protease inhibitors (Halt Protease Cocktail, Thermo 
Fisher, Waltham, MA, USA) and prepared as previously 
described [21]. The DC protein assay (BioRad, Hercu-
les, CA, USA) was used to quantify protein concentra-
tions. 60  μg of protein was separated using SDS-PAGE 
and immunoblotting performed. Primary antibodies 

used were rabbit anti-ERα (1:1000, sc-543, Santa Cruz, 
TX, USA), mouse α-tubulin (1:10,000, B-5-1-2, Sigma-
Aldrich). Secondary HRP-conjugated antibodies (Sigma-
Aldrich) were used at 1:2000. Proteins were visualised 
using Immobilon Forte HRP substrate (Merck Millipore, 
MA, USA) and a Fusion FX Chemi Imager (Vilber Lour-
mat, Collégien, France).

External datasets
Raw data from ChIP-seq of histone H1 variants in T47D 
cells was obtained from GEO entry GSE156036 [22]. 
Coordinates of chromatin A- and B-compartments 
defined based on Hi-C in MCF-7 cells [23] were kindly 
provided by the authors in the genome assembly hg38 
and converted to hg19 using LiftOver utility of the UCSC 
Genome Browser. Coordinates of genomic regions with 
differential DNA methylation between breast cell lines 
MCF-10A, MCF-7 and MDA-MB-231 were obtained 
from [24]. Whole-genome bisulfite sequencing in MCF-7 
cells reported by [25] was obtained from GSM4055031 
in the form of methylation calls in hg19 genome assem-
bly. Coordinates of chromatin domains in breast cells 
enriched with H3K9me2/3 determined with ChIP-seq 
by the ENCODE consortium [26] were obtained from 
the following GEO entries: H3K9me3 in HMEC cells 
(GSM1003485), H3K9me3 in MCF-7 cells (GSE96517) 
and H3K9me2 in MCF-7 cells (GSE96141). ERα binding 
sites were defined based on ChIP-seq peaks in six female 
ER-positive BRC patients reported by Severson et al. [27] 
(GSE104399). We constructed two consensus datasets of 
ERα binding: a more stringent dataset contained the over-
lapping peaks appearing in all six patients (193  peaks), 
and a less stringent dataset of peaks confirmed in any 
three out of these six patients (11,637 peaks). These data-
sets were further refined with RSAT [28] to consider 
only ERα motifs inside these peaks. FOSL2 binding sites 
were defined by re-calling peaks using HOMER starting 
from raw ChIP-seq data in MCF-7 cells reported by the 
ENCODE consortium (GSM1010768) [26]. This resulted 
in 14,106 peaks, which were then narrowed down using 
the coordinates of FOSL2 motifs inside these peaks 
determined with RSAT’s default settings. CTCF binding 
sites in MCF-7 reported by the ENCODE consortium 
[26] were obtained from GSM822305. Processed gene 
expression in breast invasive carcinoma reported by the 
TCGA Consortium [29] was obtained from cBioPortal 
(www. cbiop ortal. org) and sorted based on RSEM val-
ues. Top 3,000 (highest expression) versus bottom 3,000 
genes (lowest expression) were selected from this dataset 
based on the RSEM values averaged across either nor-
mal or cancer samples as detailed in Results. MNase-seq 
in MCF-7 was obtained from GSE77526 and GSE51097 
[8]. The latter dataset contains separate samples for eight 

https://github.com/TeifLab/cfDNAtools
https://github.com/TeifLab/cfDNAtools
http://www.cbioportal.org
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different levels of MNase digestions, which we have pro-
cessed separately. MNase-seq in T47D cells was obtained 
from GSE74308 [11]; MNase-seq in human embryonic 
stem cells (hESC) from GSE49140 [30]. Unless specified 
otherwise, we mapped each sample using Bowtie2 to 
hg19, considering only uniquely mapped reads with up to 
one mismatch.

Defining stable, shifted, common, lost and gained 
nucleosomes
Nucleosomal DNA fragments with sizes 120–180  bp 
and separately 160–180 bp were used to define the sub-
classes of “stable”, “shifted”, “common”, “lost” and “gained” 
nucleosomes as detailed below. First, we defined stable 
nucleosomes based on DNA fragments found in one 
patient (P2) in one condition (normal or tumour), whose 
coordinates were reproduced with 99% precision (allow-
ing 1  bp mismatch) in at least one other patient. These 
were defined using the BEDTools command “intersect” 
with parameters -u -f 0.99. Stable nucleosomes which 
shifted less than 1% between stable tumour and normal 
breast tissues of patient P2 were referred to as “common 
nucleosomes”, whereas fragments that changed their 
coordinates by more than 20% in tumour were defined as 
“shifted nucleosomes” (BEDTools “intersect” with param-
eters -f 0.80 -r -v). Stable nucleosomes, which were pre-
sent in tumour tissue of patient P2 and not overlapped 
even by 1 bp with stable nucleosomes in normal tissue of 
patient P2, were defined as “gained” in BRC; those which 
were present as stable in normal tissue of patient P2 and 
not overlapped with stable nucleosomes in tumour tissue 
of patient P2 were defined as “lost” in BRC. The numbers 
of stable, common, shifted, lost and gained DNA frag-
ments protected from MNase digestion identified in this 
analysis are indicated in Additional file 1: Table S4.

Calculation of aggregate occupancy profiles
Aggregate occupancy profiles and nucleotide frequency 
profiles were calculated separately for each sample using 
HOMER [31]. Where aggregate profiles are reported 
averaged per condition and per experiment type, the 
HOMER-generated profiles, each normalised individu-
ally to the sequencing depths of the corresponding sam-
ple, were plotted with Origin Pro (originlab.com) and the 
arithmetic average was determined across all samples 
with the same condition and the same experiment type. 
H1 occupancy profiles were normalised by dividing the 
ChIP-seq signal by the corresponding Input.

NRL calculation
The method of NRL calculation from paired-end reads 
was developed in our previous publication [4] and is 
available in NucTools software package [18]. This method 

is conceptually similar to the method based on single-end 
reads [32] but offers higher precision because it is based 
directly on nucleosome centres (dyads) and applies dif-
ferent filtering. The NucTools protocol is based on the 
calculation of the distribution of frequencies of distances 
between nucleosome dyads with single-bp resolution, 
separately per each chromosome and then averaged over 
all chromosomes. At the next step, Origin Pro (origin-
labs.com) and NRLcalc package [33] were used to detect 
peaks of the sinusoidal oscillations of the distribution of 
frequencies of distances between nucleosome dyads, fol-
lowed by linear regression to determine the NRL. The 
calculations performed here were done with NucTools 
using up to 40 million reads per chromosome, consid-
ering dyad-dyad distances up to 2,000  bp, and discard-
ing cases with more than 50 mapped reads centred on 
the same base pair. Changing the cut-off to 20, 30 and 
40 reads per base pair did not affect the NRL values. 
NRLs were calculated separately for each sample, both 
genome-wide and inside sets of genomic regions of inter-
est. For the calculation of NRL inside genomic regions, 
we defined them as follows: regions surrounding pro-
moters were defined as intervals [-5,000; 5,000] from 
annotated RefSeq TSSs. The genes used in NRL calcula-
tion were selected as protein-coding genes according to 
the UCSC Genome Browser annotation, with the length 
satisfying criteria 1 kb < Length < 200 kb. This resulted in 
16,161 genes. These genes were further classified as top 
3,000 genes which are highly- and lowly expressed based 
on TCGA cancer genome atlas RSEM expression values 
[29], as well as top 3,000 genes enriched with MNase-
seq fragments of sizes in one of the following ranges 
[100–120 bp], [120–140 bp], [140–160 bp], [160–180 bp], 
[180–200  bp]. Alu repeats annotated based on UCSC 
Genome Browser’s Repeat Masker were extended by 
1000 bp on both sides. DMR regions defined above [24] 
were also extended by 1000  bp on both sides. Regions 
enriched with H1X were defined based on MACS2 peak 
calling with default parameters using ChIP-seq of H1X in 
the T47D breast cancer cell line reported in [22], result-
ing in 33,337 peaks which were extended by 1,000 bp on 
both sides. Genes enriched and depleted with protected 
DNA fragments of size 160–180 bp were defined by cal-
culating the number of 160–180  bp fragments per gene 
normalised by the gene length, then sorting the genes 
based on this number and defining the top 3000 genes 
as enriched with “long nucleosomes” and the bottom 
3,000 genes as depleted of “long nucleosomes”. Regions 
with low- and high-GC content were defined by calculat-
ing average GC content with the running 10 kb window 
and defining equal numbers of low-GC and high-GC 
regions (144,758 regions of each type, threshold GC 
content 40%). Genes marked by differential nucleosome 
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occupancy in their promoters were defined by intersect-
ing the genes from the set 1 kb < Length < 200 kb defined 
above with the sets of nucleosomes gained and lost in 
patient P2 in BRC versus normal tissue (Additional file 1: 
Table S4). This resulted in 1,423 genes that gained nucle-
osomes at their promoters and 401 genes that lost nucle-
osomes at their promoters.

Calculation of aggregate ChIP‑seq occupancy profiles
Aggregate occupancy profiles and nucleotide frequency 
profiles were calculated separately for each sample 
using HOMER [31] and NucTools [18]. Where aggre-
gate profiles are reported averaged per condition and 
per experiment type, the HOMER-generated profiles, 
each normalised individually to the sequencing depths of 
the corresponding sample, were plotted together in Ori-
gin Pro (originlab.com) and the arithmetic average was 
determined across all samples with the same condition 
and the same experiment type. H1 occupancy profiles 
were normalised by dividing the ChIP-seq signal by the 
corresponding Input.

Calculation of aggregate DNA methylation profiles
We used bisulfite sequencing data in MCF-7 cells [25], 
with methylation beta-values determined by the authors. 
NucTools [18] was used to split the regions into chro-
mosomes and 5mC occurrence per CpG was calculated 
with a cfDNAtools script bed2occupancy.v3d.methyl.
pl as in [12]. Aggregate DNA methylation profiles were 
calculated around centres of common and shifted nucle-
osomes defined above using NucTools, summing up the 
methylation beta-values for each CpG located at a given 
distance from the genomic feature of interest as in [34]. 
When the corresponding graph refers to “DNA meth-
ylation (a.u.)”, this corresponds to the value obtained by 
summation of all corresponding beta-values without fur-
ther normalisation.

Enrichment analysis
BedTools “Fisher” function was used to calculate fold 
enrichment as well as the corresponding P values of the 
Fisher test for the enrichment with respect to random 
genomic regions for gained and lost nucleosomes inside 
gene promoters (defined as ± 1000  bp from RefSeq-
annotated transcription start sites (TSSs)); CpG islands, 
Alu repeats, L1 repeats and microsatellite repeats based 
on the UCSC Genome Browser Repeat Masker; CTCF 
sites defined using ChIP-seq by the ENCODE consor-
tium [26]; DMRs [24] and H1.4 and H1X [22] defined as 
detailed above.

Gene annotation
RefSeq-annotated gene promoters defined as ± 1000  bp 
from TSS were intersected with regions with “lost” and 
“gained” nucleosomes defined above, considering all frag-
ment sizes between 120 and 180 bp. Gene Ontology anal-
ysis was performed using the R package gprofiler2 [35]. 
Gene network was constructed with Cytoscape 3.9.1 [36] 
using STRING database [37], including genes with pro-
moters marked by nucleosome gain in BRC, associated 
with gene ontology terms related to “DNA-binding”.

Results
Cancer‑specific nucleosome repositioning in breast tissues
We determined high-resolution nucleosome positioning 
landscapes in paired normal and tumour breast tissues 
from four BRC patients using MNase-seq and MNase-
assisted histone H3 ChIP-seq (MNase-H3) (Fig. 1A). The 
high sequencing coverage of about 500 million paired-
end reads per sample (~ 20 billion paired-end reads in 
total) (Additional file  1: Tables S2–S3) allowed us to 
define cancer-specific changes at the level of single nucle-
osomes (Fig.  1B). First, for each of the two conditions 
(normal and tumour), we defined stable nucleosomes 
as regions protected from MNase digestion in a given 
condition in a given patient and confirmed in the same 

Fig. 1 The study design and small-scale nucleosome repositioning analysis. A Scheme of the study: paired tumour/normal breast tissues taken 
from breast cancer patients numbered P1–P4 were used to determine nucleosome positioning using MNase-seq and MNase-assisted histone H3 
ChIP-seq (MNase-H3), complemented by whole-genome sequencing of cell-free DNA extracted from blood plasma from the same patients. The 
analysis of each sample was performed individually, without pooling. B Example genomic region (Chr 17: 7,855,262–7,592,516) enclosing gene 
TP53 and nucleosome occupancy maps for patient P3. Tracks top to bottom: normal tissue MNase-H3 and MNase-seq; tumour tissue MNase-H3 
and MNase-seq; cfDNA in two replicates; UCSC Genome Browser track with ENCODE Factorbook TF motifs. Rectangles show regions containing 
common (brown), gained (green) and shifted nucleosomes (violet). The gained and shifted classifications are not mutually exclusive. C Fold 
enrichment of nucleosomes that were gained and lost in all tumours versus healthy breast tissues in CpG islands, promoters, CTCF binding sites, 
L1 repeats and Alu repeats, in comparison with the intersections with these regions expected by chance. In all cases except for nucleosomes lost 
in BRC at CTCF sites, enrichments are statistically significant (p < 0.005, Fisher test). D–F Representative nucleosome occupancy profiles around TF 
binding sites. D and E Nucleosome profiles in patient P1 (top) and patient P3 from the current cohort (bottom) around ERα sites bound in any three 
out of six ER-positive BRC patients from the cohort of Severson et al., 2018 (D) and in sites bound by ERα in all six BRC patients from Severson et al., 
2018 (E) (10-bp smoothing). F Nucleosome profiles in patient P1 (top) and patient P3 (bottom) around FOSL2 binding sites determined in MCF-7 
cells. Black lines—tumour tissues; red—normal tissues; blue—cfDNA from the same patient

(See figure on next page.)
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condition in at least one other patient from the cohort 
studied here. Then lost/gained nucleosomes were defined 
as those which are stable in one condition as defined 
above and do not overlap with any stable nucleosomes in 
the other condition (see Methods). As a result, we arrived 
at a set of ~ 50,000 gained/lost nucleosomes using Patient 
P2 as an example (Additional file 1: Table S4).

The nucleosomes gained in tumour tissues defined 
above were 19-fold enriched at CpG islands and tenfold 
enriched at promoters (Fig.  1C), including promoters 
of 219 genes encoding DNA-binding proteins listed in 
Additional file 1: Table S5. Both these effects were statis-
tically significant (p < 1e−100, Fisher test). Gained nucle-
osomes were also prevalent at CTCF binding sites. These 

Fig. 1 (See legend on previous page.)
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changes in the nucleosome landscape may define differ-
ential accessibility of DNA to regulatory proteins, under-
lying dysregulated cancer-specific pathways. Gained 
nucleosomes were particularly predictive of breast cancer 
pathways. The network of genes encoding DNA-binding 
proteins, marked by gained nucleosomes at their promot-
ers, was significantly enriched for protein–protein inter-
actions (p < 1e−16), with major nodes represented by 
known BRC-associated TFs such as such as RXRA [38], 
PPARγ [39], CREBBP [40] and a number of others. (Addi-
tional file 1: Figure S2). On the other hand, nucleosomes 
which were stably present in healthy breast tissues but 
lost in tumour did not show such enrichment in cis-regu-
latory regions and were instead modestly enriched inside 
L1 repeats (Fig. 1C).

Gene‑level changes of nucleosome density
The gain of nucleosome occupancy in tumour also 
proved to be informative when the nucleosome density 
was calculated for the whole gene body of a given gene. 
For example, 88 genes were characterised by > twofold 
increased nucleosome density in tumour vs normal tissue 
in patient P2 (Additional file 1: Figure S3A). Gene expres-
sion of these genes defined based on the TCGA breast 
cancer cohort [29] was moderately anticorrelated with 
their nucleosome density determined in this work (Addi-
tional file 1: Figure S3B). Gene ontology analysis of these 
genes showed that 23 of them encode DNA-binding 
proteins, particularly enriched with zinc-finger TFs (see 
Additional file  1: Table  S6). A number of these, such as 
CEBPB, ZNF117 and ZNF92, have been previously pro-
posed as breast cancer markers [41–43] and ZNF273 and 
ZNF727 have been reported as breast cancer hub genes 
[44].

Nucleosome changes at subclasses of transcription factor 
(TF) binding sites
To complement the above analysis of promoter nucleo-
some occupancy, we also investigated nucleosome pat-
terns determined in the current patient cohort at specific 
TF binding sites confirmed by published ChIP-seq data-
sets in other BRC patients. One of the most important 
TFs involved in breast cancer and used for its classifica-
tion/stratification is Oestrogen Receptor (ERα)[45]. We 
observed cancer-specific nucleosome changes at two 
classes of ERα binding sites that occurred in a patient-
specific fashion, as exemplified in Fig. 1D–E. First, a class 
of less stringent ERα binding sites, defined as a consen-
sus dataset of ERα ChIP-seq peaks present in any three 
out of six ER-positive BRC patients from the study of 
Severson et al. [27], did not show significant changes in 
nucleosome occupancy between normal and tumour 
breast tissues and cfDNA of patients P1 and P3 from our 

study (Fig.  1D). Second, a class of more stringent bind-
ing sites occupied by ERα in all six patients from the 
cohort of Severson et al. [27] was characterised by pro-
nounced nucleosome changes between normal/tumour 
breast tissues and cfDNA in patients from our cohort 
(Fig.  1E). Patient P1, who has clinically confirmed ER-
positive status, showed a clear change in the shape of 
the nucleosome profile between tumour and adjacent 
normal breast tissue (nucleosome depletion at the cen-
tres of ERα binding sites and oscillations of nucleosome 
occupancy around ERα sites in the tumour, as opposed to 
a peak of nucleosome occupancy at ERα binding sites in 
normal tissue). On the other hand, patient P3, for whom 
our immunoblotting did not detect the presence of ERα 
(Additional file 1: Figure S1), was characterised by simi-
lar shapes of nucleosome occupancy profiles at stringent 
ERα sites in both paired normal and tumour tissues. 
Interestingly, the cfDNA profile of patient P1 resembled 
that of normal tissue, while the cfDNA profile of patient 
P3 had an inverted shape in comparison with both nor-
mal and tumour breast tissues from this patient. Patient-
specific changes were also specific to other TFs, although 
not as pronounced as for ERα, as exemplified by FOSL2 
binding sites (Fig. 1F). This analysis suggests that not all 
experimentally confirmed TF binding sites are equally 
suitable as diagnostic markers, and sub-selection of such 
sites may play a particularly important role. Thus, a sys-
tematic screening of TF binding sites for the potential 
roles of diagnostics markers deserves a separate study.

Nucleosome repeat length shortening in breast cancer
Next, we asked whether there is some general change of 
nucleosome organisation in BRC that affects all patients. 
We calculated the distribution of genomic distances 
between centres of neighbouring nucleosomes, which 
revealed a dramatic shift towards smaller distances in 
cancer in comparison with adjacent non-cancer tissues 
from the same patients (Fig. 2A). This resulted in a sig-
nificant decrease in the average genome-wide distance 
between neighbouring nucleosomes (the nucleosome 
repeat length, NRL) in tumour versus normal tissues. 
This effect of genome-wide NRL shortening by 5–10 bp 
in cancer was observed in all MNase-H3 samples from 
this study and in MNase-seq for three out of four patients 
(Fig.  2B, Additional file  1: Figures  S4–S17 and Addi-
tional file  1: Table  S7). The only outlier was the “Nor-
mal” MNase-seq sample of patient P1. However, paired 
MNase-H3 samples from the same patient P1 were con-
sistent with NRL shortening in other patients. Thus, the 
effect of NRL shortening was detected in all patients in 
this cohort. The genome-wide NRL decrease in tumour 
tissues was statistically significant (p = 0.014, paired 
sample t test). Furthermore, after this manuscript was 
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prepared, we have sequenced paired normal/tumour tis-
sues from another BRC patient not included in the cur-
rent analysis, and it also showed a 6-bp decrease of NRL 
in cancer. A number of previous works characterised 
NRL changes in cell differentiation [13, 32, 46–48], and 
we have shown that highly proliferating embryonic stem 
cells have shorter NRL than their differentiated coun-
terparts [4]. However, to the best of our knowledge, this 
is the first report of a decrease of NRL in tumour ver-
sus adjacent non-tumour breast tissue from the same 
patients. cfDNA from blood plasma of BRC patients was 
characterised by NRL values similar to those in tumour 
tissues (Additional file 1: Table S8).

The NRL decrease in tumours is modulated by differential 
gene expression, chromatin digestion levels and local GC 
content, in a patient‑specific manner
What can potentially explain the large NRL changes that 
we detected? Firstly, we asked whether the NRL shorten-
ing in breast cancer is related to differences in the sizes 
of DNA fragments protected from MNase digestion. The 
sizes of DNA fragments protected from MNase digestion 
(hereafter referred to as “DNA fragments”) may depend 
on the experimental setup, and therefore, it is important 
to uncouple these effects from NRL changes that reflect 
the chromatin biology. It is worth noting that the effect 
of cfDNA fragment size shortening in cancer is already 
extensively used in liquid biopsies [1], but the effect 
of NRL shortening has been unknown so far. Typical 
nucleosome sizes are around 147  bp, while the nucleo-
some plus DNA linker (termed chromatosome), protects 
around 160–180  bp. Figure  2C shows that genomic 
regions enriched with chromatosome-size DNA frag-
ments (160–180  bp, denoted as “long nucleosomes”) 

have a longer NRL, while those depleted of 160–180 bp 
fragments have a smaller NRL. However, for both types 
of regions tumour had a shorter NRL than normal tis-
sue. Thus, cancer-specific NRL shortening cannot be 
explained by the level of chromatin digestion per se.

Next, we asked whether the effect of the NRL decrease 
is more pronounced at specific genes. The comparison of 
the NRL in genes marked by nucleosome repositioning 
at their promoters did not reveal significant differences 
between those associated with gained versus lost nucle-
osomes (Fig. 2D). Furthermore, the cancer-specific NRL 
decrease inside genes marked by differential nucleosome 
occupancy was smaller than the genome-wide change 
(Fig.  2D). The genome-wide NRL decrease in cancer 
was more pronounced in regions with low-GC content 
([GC] < 40%, Fig.  2D), which is generally outside genes, 
since most genes have a GC content higher than 45%.

Regarding intragenic NRL changes, we made a compar-
ison between highly- and lowly expressed genes (Fig. 2E). 
Previous studies suggested that the NRL is decreased 
over more active genes [32, 49, 50]. When we strati-
fied genes based on their expression in cancer using the 
TCGA cancer genome atlas [29], the NRL was indeed 
smaller for highly- than lowly expressed genes. When 
gene expression was stratified based on healthy controls, 
the NRL measured in healthy tissues was also smaller 
inside highly expressed genes, but the NRL measured 
in tumour tissues did not follow this rule. Altered gene 
expression may have changed the NRL inside these genes 
in tumour tissue. Importantly, this effect was in all cases 
smaller than the major effect of the NRL decrease in can-
cer tissues versus normal tissues.

The global factors defining the NRL decrease in can-
cer cells can be compared with those acting in stem cells, 

(See figure on next page.)
Fig. 2 Nucleosome repeat length shortening in cancer. A Frequencies of distances between dyads of DNA fragments protected from MNase 
digestion in paired normal and tumour breast tissue samples from patient P2. B Genome-wide NRL values calculated for each sample reported 
in this study. The difference of NRLs between normal and tumour tissues is statistically significant (p = 0.014, paired sample t test). Open 
squares—average values across all samples in a given condition; horizontal lines—median values for a given condition. The colours of the points 
corresponding to NRL values in N/T tissues are assigned per patient and per experiment type as follows: MNase-seq: patient P1 (black), P2 (red), P3 
(blue), P4 (green); MNase-assisted H3 ChIP-seq: patient P1 (violet), P3 (brown), P4 (cyan). Panels A and B use DNA fragments of sizes 120–180 bp. C 
NRL in normal (grey violins) and tumour (beige violins) breast tissue calculated inside genomic regions enriched with 160–180 bp DNA fragments 
(“long nuc”) and depleted of 160–180 bp fragments (“short nuc”). The colours of the points are assigned per patient and per experiment type 
in the same way as in B. Paired-sample t test p values are indicated on the figure. Open squares—average values across all samples in a given 
condition; horizontal lines—median values for a given condition. D NRL in normal and tumour breast tissue samples from patient P2 inside genes 
which are marked by nucleosome loss or gain at their promoters (black), compared with NRL calculated genome-wide in 10 kb regions with low-GC 
content (< 40%) (red) and high-GC content (> 40%) (blue). E NRL in normal (black) and tumour breast tissues from patient P2 from this study (red), 
calculated inside genes which are highly- or lowly expressed in a healthy state (circles) or breast cancer (squares). This analysis is based on 3,000 
genes with largest and smallest RSEM values in normal/cancer cells reported by the TCGA Cancer Atlas. F NRL in MCF-7 and T47D breast cancer 
cells as well as human embryonic stem cells (hESC), compared with NRL in normal and tumour breast tissues. For T47D and hESC, each point 
corresponds to one replicate experiment. For MCF-7, each point corresponds to a sample with different MNase digestion level. For breast tissues, 
each point corresponds to one sample from this work, in a subset of genomic regions enriched with DNA fragment sizes in one of the following 
ranges [100–120 bp], [120–140 bp], [140–160 bp], [160–180 bp], [180–200 bp]
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which have a smaller NRL than differentiated cells [4]. 
Indeed, human embryonic stem cells (hESCs) have an 
NRL which is more similar to tumour tissue than to nor-
mal breast tissues (Fig. 2F and Additional file 1: Table S9). 
Our calculation showed that breast cancer cell lines 
MCF-7 and T47D also have smaller NRLs resembling 
those in tumour tissues (Fig.  2F and Additional file  1: 
Tables S10–S11). Interestingly, T47D had an even smaller 
NRL in comparison with MCF-7, which was robustly 

reproducible using eight MCF-7 datasets with different 
levels of MNase digestion and five replicate experiments 
in T47D (see Additional file  1: Methods). Thus, NRL 
shortening in breast cancer is a general effect.

Dependence of nucleosome sensitivity to MNase digestion 
in tumours on GC content, DNA methylation
To study additional properties of nucleosome repo-
sitioning in BRC, we classified nucleosomes into 
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“common nucleosomes” (stable MNase-protected DNA 
fragments of a given patient found at the same locations 
in both normal and tumour tissues) and “shifted nucle-
osomes” (stable MNase-protected DNA fragments of a 
given patient based on normal tissue that changed their 
genomic coordinates > 20% in tumour). Shifted nucleo-
somal DNA fragments included a large subnucleoso-
mal fraction (120–140 bp) and were on average shorter 
than the stable nucleosomes which did not change their 
locations in cancer (Fig.  3A). This may correspond to 
partial nucleosome unwrapping or nucleosomes with 
incomplete histone octamer. Common nucleosomes 
were characterised by DNA methylation enrichment, 
while shifted nucleosomes were depleted of DNA 
methylation (Fig.  3B). This is consistent with previous 
reports that DNA methylation stabilises nucleosomes 
while de-methylation or hydroxymethylation makes 
nucleosomes more MNase-sensitive [34, 51, 52].

The overall distribution of DNA fragments protected 
from MNase digestion was more enriched with shorter 
sizes in cancer in comparison with normal samples 
(Additional file 1: Figure S18). This distribution appeared 
to correlate with the GC content, with longer fragments 
being more GC-rich (Fig. 3C and Additional file 1: Figure 
S19D). This is in line with known effects on DNA frag-
ment lengths of the level of MNase digestion [51, 53]. 
Interestingly, the dependence of the fragment length on 
DNA methylation was different in breast tissues versus 
cfDNA (Fig. 3D). The size distribution of DNA fragments 
protected from MNase digestion was similar inside active 
and inactive chromatin domains (A- and B-domains), 
repetitive and non-repetitive regions, separated into Alu, 
LINE1, alpha-satellite and microsatellite repeats (Addi-
tional file 1: Figures S19A-C) and inside regions marked 
by H3K9me2/H3K9me3 in breast cell lines (Addi-
tional file  1: Figure S20). The GC profile around DNA 
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fragments protected from digestion showed larger dif-
ferences between normal and cancer samples in the case 
of shorter fragment sizes, which was the case both for 
breast tissues and cfDNA (Additional file 1: Figure S21).

Relationship between nucleosome reorganisation in BRC 
and linker histones
Linker histones are among the most abundant chroma-
tin proteins that can affect nucleosome organisation. To 
investigate how DNA protection by linker histones might 
differ between healthy and tumour cells, we have used 
recently reported maps of H1 histone variants deter-
mined with ChIP-seq in the BRC cell line T47D [22]. 
Genome-wide, the occupancy of linker histone vari-
ants H1.0, H1.2 and H1.5 is negatively correlated with 
GC content, while histones H1.4 and H1X are preferen-
tially bound to GC-rich regions (Fig. 4A). By comparing 

H1 maps with the nucleosome maps determined in this 
study, we clarified that histones H1.0, H1.2 and H1.5 
were depleted near nucleosome dyads for protected DNA 
fragments of all sizes, while H1.4 and H1X occupancies 
were diminished for subnucleosomal and nucleosome-
size DNA fragments (< 160 bp) but increased for larger-
size fragments (Fig. 4B).

Consistent with this relationship, the redistribu-
tion of H1.4 and H1X in BRC can lead to a significant 
depletion in the fraction of large-size (e.g. 160–180 bp) 
nucleosomal DNA fragments, while the opposite effect 
of H1.0, H1.2 and H1.5 histones is less pronounced 
(Fig. 4C). A quantitatively similar effect was observed 
for nucleosome maps from MNase-H3 data (Addi-
tional file  1: Figure S22). Based on Fig.  4A–C, linker 
histone H1X demonstrated the largest protection from 
the digestion of chromatosome particles (nucleosome 
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plus linker DNA). Therefore, we selected this histone 
variant for more advanced analysis. Figure  4D shows 
that genomic regions that give rise to protected DNA 
fragments with sizes 160–180 bp are characterised by 
a flat H1X profile in normal tissues but have a peak of 
H1X occupancy in the tumours. Furthermore, “com-
mon” 160–180 bp fragments protected from digestion 
both in normal and cancer tissues had ~ twofold H1X 
enrichment, whereas regions that “lost” or “gained” 
nucleosomes in tumour had H1X depletion in BRC 
(Fig. 4E). Collectively, our results indicate that the his-
tone H1X variant is predominantly associated with 
the large-size GC-rich nucleosomal DNA fragments. 
Interestingly, a recent publication reported that H1.4 
and H1X variants are enriched in evolutionary young 
subclasses of transposable elements and repress their 
expression [54]. Therefore, changes in local occupancy 
of H1X may be an important factor affecting the global 
nucleosome reorganisation in BRC at these repeat 
elements.

NRL shortening in breast cancer is not restricted to specific 
genomic regions
Genome-wide NRL changes could potentially arise due 
to cancer-specific changes in distinct types of genomic 
regions. To check this hypothesis, we calculated the 
NRL across all samples from our patient cohort in dif-
ferent types of genomic regions, such as active chro-
matin A-compartments (Fig.  5A), regions surrounding 
gene promoters (Fig.  5B), Alu repeats (Fig.  5C), regions 
enriched with linker histone H1X (Fig. 5D) and differen-
tially methylated DNA regions (DMRs, Fig.  5E). In line 
with previous studies [32, 49] and with Fig.  2E, more 
active chromatin regions had a smaller NRL than less 
active regions. When comparing adjacent tumour ver-
sus non-tumour breast tissues for individual patients, 
all these types of genomic regions were characterised by 
an NRL decrease in tumour tissue. Alu repeats showed 
the largest heterogeneity among cancer patients, while 
DMRs showed less heterogeneity and one of the largest 
NRL changes (8 bp) between tumour and normal tissues. 
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Fig. 5 NRL shortening as a novel breast cancer marker. A–E NRL values calculated for each individual sample from this study inside different types 
of genomic regions. A Transcriptionally active A-compartments of chromatin annotated in breast cancer MCF-7 cells; B Regions surrounding 
gene promoters. C Genomic regions around Alu repeats; D Regions enriched with H1X linker histones in breast cancer T47D cells; E Differentially 
methylated DNA regions annotated based on cell lines MCF-10A, MCF-7 and MDA-MB-231. Open squares—average NRL values for a given 
condition; horizontal lines—median values. The colours of the points are assigned per sample as in Fig. 3A. F A scheme of the global change 
of nucleosome compaction in breast cancer tissues. DNA (black) is wrapped around histone octamers (grey) in contact with linker histones (blue). 
MNase used in this study or apoptotic nucleases present in situ (orange) cut DNA not protected by nucleosomes and linker histones. Cancer cells 
have shorter NRL and contain more nucleosomes which are less protected from MNase digestion due to redistribution of linker histone variant H1X, 
changes in DNA methylation and other factors
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Regions enriched with H1X had a slightly smaller NRL 
change, followed by gene promoters and active A-com-
partments, consistent with the smaller cancer-specific 
NRL change inside the genes reported in Fig. 2D. Thus, 
NRL shortening occurred in all studied types of genomic 
regions, although in a quantitatively different manner.

Discussion
Our study has revealed systematic nucleosome changes 
in tumour cells that occur at two levels: (i) Small-scale 
changes at the level of individual nucleosomes corre-
sponding to differential gene expression and TF binding 
(Figs. 1 and 2); (ii) A genome-wide decrease in the NRL 
in tumour tissue (which holds true in all types of genomic 
regions that we analysed), as summarised in Fig. 5F.

A small-scale BRC-associated nucleosome gain was 
enriched at CpG islands, promoters of genes involved in 
BRC signalling and CTCF binding sites, while nucleo-
some loss was associated with L1 repeats. Such nucleo-
some repositioning was particularly pronounced at 
promoters of genes encoding DNA-binding proteins, 
which may be helpful to resolve one of the challenges in 
cfDNA-based nucleosomics, the determination of the tis-
sue of origin [3]. In the current analysis, we have focused 
instead on mechanistic effects, leaving the cfDNA tissue 
of origin problem for subsequent studies. Another note-
worthy observation is that despite common assumptions 
in the field of cfDNA nucleosomics [55, 56], not all TF 
binding sites are effective as cancer markers, even if they 
come from experimental binding maps (Fig. 1D–F). For 
example, we found that only very stringent subsets of 
ERα sites allow one to stratify patients in terms of their 
differential nucleosome occupancy (Fig. 1E).

Our finding that nucleosome reorganisation in cancer 
is characterised by a shorter NRL seemingly resembles 
the effect of shortening of cfDNA fragments in cancer 
patients in comparison with healthy people [3, 57–62]. 
However, it is important to note that the NRL is more 
robust with respect to the experimental setup than the 
sizes of DNA fragments protected from MNase digestion 
(the former has been used historically as a biological char-
acteristic of the cells, while the latter may depend on the 
level of MNase digestion). Indeed, we showed that even 
considering possible differences in chromatin digestion, 
the effect of NRL shortening in tumour tissue still stands 
(Figs.  2C and F). While these effects can be uncoupled, 
their mechanisms may be related (e.g. through linker his-
tone redistribution, changes of DNA methylation, etc.).

Many classical studies were devoted to the investiga-
tion of NRL changes as a function of cell differentiation 
or cell state (e.g. see references in [63, 64]), and it is well 
established that NRL can change during differentiation. 
A hypothesis that the NRL can change in cancer was put 

forward initially in 1976 [13], and has gained traction 
again in recent publications, in particular relating this to 
linker histones H1 [47, 48]. To the best of our knowledge, 
we provide here the first evidence of a systematic NRL 
decrease in solid tumours based on adjacent tumour/
non-tumour tissues from the same patients. Importantly, 
the effect of a global NRL decrease is different from the 
local effects of transcription-specific changes of nucleo-
some spacing as in Fig. 2D at regulatory regions such as 
gene promoters [3, 32] and TF binding sites [4, 33, 46]. 
The global NRL decrease reported here for breast cancer 
may also take place in other cancers. Indeed, we have also 
found a similar genome-wide NRL shortening effect in 
B-cells from patients with chronic lymphocytic leukae-
mia, which was more pronounced for the more aggres-
sive cancer subtypes [12].

On a practical side, the finding that NRL decreases in 
tumour tissues may be directly relevant for the clinic, 
e.g. in relation to liquid biopsies based on cfDNA. 
Depending on the cancer stage, cfDNA in patients with 
solid tumours such as BRC may contain 1–30% of DNA 
from tumour tissues, while the majority of cfDNA usu-
ally comes from blood cells. If the nucleosome spacing 
changes characteristic for the tumour can be detected 
in cfDNA, this may help to classify patients without the 
need to determine the cells of origin of cfDNA. The use 
of this effect in patient stratification is beyond the scope 
of the current publication but will be the subject of subse-
quent work. It is also worth noting that the small patient 
cohort considered here did not allow us to study system-
atically the effects of heterogeneity between patients. But 
even if the heterogeneity between patients is not known, 
this method may be still applied to monitoring a specific 
patient, with nucleosome spacing changes as a signal of 
cancer progression or response to therapy.

We showed here that the NRL decrease in BRC may be 
associated with several molecular mechanisms, includ-
ing changes of gene expression, redistribution of linker 
histones, differential DNA methylation, changes in chro-
matin domains and the chromatin state of DNA sequence 
repeats. Since NRL shortening was not associated solely 
with any of these effects, it is likely that several mecha-
nisms act synergistically. The clarification of the molecu-
lar mechanisms responsible for these effects will require 
a separate study, where the levels of DNA methylation 
and the linker histone fractions are measured in the same 
tissues for which the nucleosome maps have been deter-
mined. It is also intriguing that nucleosome-level changes 
may be connected to macroscopic effects, such as 
changes in the softness of cells/cell nuclei at the periph-
ery of breast cancer tumours [65], as well as changes in 
the physical properties of chromatin fibres as a feature 
of cancer progression [66]. It is worth noting that cancer 
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cells have many stem cell-like properties. In particular, 
the chromatin of stem cells is characterised by smaller 
NRL [4] (Fig.  2F). Thus, NRL shortening in tumour tis-
sues may be related to de-differentiation of cancer cells 
[67]. On the mechanistic side, shorter NRL has been 
shown to change the topology of nucleosome fibres to 
more deformable and prone to macroscopic self-associa-
tion [68], consistent with Fig. 5F.

Above, we described several effects correlated with the 
decrease of NRL in tumour cells (e.g. changes in rela-
tive fractions of different H1 variants, differential gene 
expression and DNA methylation). However, with cor-
relative associations one cannot distinguish the cause 
from the consequence. In this regard, it is important to 
note that recently it was reported that NRL depends on 
the phase of the cell cycle [69]. In particular, the shortest 
NRL ~ 190 bp has been found in the G1 phase (Fig. 6 K, 
ref. [69]), which is consistent with the notion that expo-
nentially growing cells have shorter nucleosome spacing. 
These NRL changes are regulated by the action of chro-
matin remodellers such as SMARCA5 (SNF2H) [69]. This 
may provide a mechanistic explanation why stem cells 
and tumour cells are both characterised by decreased 
nucleosome spacing. On the other hand, processes that 
decrease proliferative cell activity, such as ageing, may be 
associated with longer NRL. Indeed, our recent publica-
tion reported that older people tend to have longer NRL 
as reconstructed from their cell-free DNA [70].

Conclusions
Taken together, this study provides the first experimental 
nucleosome maps in paired tumour/normal breast tissues, 
which will be a valuable resource for the community, and 
reported conceptually new effects that deserve subsequent 
studies analysing the corresponding mechanisms. Further-
more, these new effects allow us to establish some of the 
missing theoretical foundations for cfDNA-based nucle-
osomics analysis. These effects are probably not limited to 
BRC, and future studies are needed to expand this meth-
odology to larger patient cohorts and more cancer types.
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