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Abstract

Modification of the cancer-associated chromatin landscape in response to therapeutic DNA damage influences gene expres-
sion and contributes to cell fate. The central histone mark H2Bub1 results from addition of a single ubiquitin on lysine 120
of histone H2B and is an important regulator of gene expression. Following treatment with a platinum-based chemothera-
peutic, there is a reduction in global levels of H2Bub1 accompanied by an increase in levels of the tumor suppressor p53.
Although total H2Bub1 decreases following DNA damage, H2Bubl is enriched downstream of transcription start sites of
specific genes. Gene-specific H2Bub1 enrichment was observed at a defined group of genes that clustered into cancer-related
pathways and correlated with increased gene expression. H2Bubl-enriched genes encompassed fifteen p53 target genes
including PPMI1D, BTG2, PLK2, MDM2, CDKNIA and BBC3, genes related to ERK/MAPK signalling, those participat-
ing in nucleotide excision repair including XPC, and genes involved in the immune response and platinum drug resistance
including POLH. Enrichment of H2Bub1 at key cancer-related genes may function to regulate gene expression and influence

the cellular response to therapeutic DNA damage.
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Introduction

Chromatin remodelling after DNA damage influences gene
transcription and may ultimately determine cell fate as
part of the DNA damage response (DDR). Knowledge of
the DDR is essential to understanding the way malignant
cells respond to DNA damage induced by chemotherapeutic
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agents that aim to disable cell survival pathways and pro-
mote apoptosis. Innate or acquired resistance to many of
the standard-of-care chemotherapeutic agents, including
platinum-drugs such as carboplatin, needs to be overcome
to maximise the full potential of these drugs for the treat-
ment of cancer patients [1, 2]. Maintenance of structure and
function of the epigenome is important for the ability of cells
to survive DNA damage and changes to chromatin marks
have been linked to chemoresistance [3—14].
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Ubiquitin is emerging as a protein with key roles in
modelling the cancer epigenome through post-translational
modification (PTM) of specific histone lysines [15, 16].
Histones are the most abundantly monoubiquitinated pro-
tein conjugates in the nucleus of mammalian cells [17]. At
8.5 kDa, the addition of a single ubiquitin to a histone lysine
residue is one of the largest histone PTMs. Monoubiquitina-
tion of histone H2B at lysine 120, H2Bubl, promotes an
open chromatin configuration, as does monoubiquitination
on histone H4 at position 31 (H4ub31) [18]. H2Bubl1 physi-
cally separates the chromatin strands and promotes histone
eviction from the nucleosome, creating a chromatin structure
that is more accessible to transcription factors and DNA
repair proteins [19]. Beyond the steric effect of the bulky
ubiquitin molecule, it is apparent that both the nucleosomal
position and properties inherent to this specific histone PTM
are important for H2Bub1 function [20]. At a different posi-
tion in the nucleosome, monoubiquitination of histone H2A
at lysine 119 by ring finger ligases in polycomb repressor
complex 1 (PRC1) leads to the opposite effect, resulting in
compacted, transcriptionally silenced chromatin [21].

H2Bubl recruits other chromatin remodelling factors,
highlighting it as a central regulator of histone cross-talk
[22-27]. These factors include subunits of the SWI/SNF
chromatin remodelling complex (BRG1, BRM, BAF155
and BAF170) [28], the WDR82 subunit of the SET1A/B
COMPASS complex required for di- and tri-methylation
of histone H3 lysine 4 [29-32] and the non-SET domain
DOTLI1 methyltransferase that methylates histone H3 lysine
79 [24, 33]. In response to stimuli such as DNA damage,
cyclin-dependent kinase 9 (CDK9) phosphorylates the E2
ubiquitin-conjugating enzyme UBE2A and the Ser2 residue
in the carboxy-terminal domain (CTD) of RNA polymer-
ase II (Pol II). This creates a binding pocket for the linker
protein WAC that interacts with Pol II and the E3 ubiqui-
tin ligase heterodimeric complex RNF20-RNF40. The E3
ubiquitin ligase RNF20-RNF40 complex both monoubiq-
uitinates histone H2B lysine 120 (H2Bubl), and interacts
with the human PAF1 transcriptional complex that in turn
associates with RNA Pol II to promote transcriptional elon-
gation (reviewed in [15]). We have previously shown the
importance of RNF20 and RNF40 in maintaining global
levels of H2Bub1 [34]. The presence of chromatin-associ-
ated H2Bub1 has been linked with genes that are highly
expressed [35], although this correlation is not absolute [36].

Here, we have used wild-type (wt) pS3 cancer cell line
models to map the localisation of H2Bub1-enrichment in
response to DNA damage with a platinum-based chemo-
therapeutic agent. We have correlated H2Bub1 enrichment
with gene expression levels in response to treatment with
cisplatin, thereby identifying genes and pathways involved
in the determination of H2Bubl-related cell fate following
DNA damage.
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Materials and methods
Cell culture

A2780, MCF7 and HEY1 cells were used as models of wt
p53 cell lines. MCF7 is a breast cancer cell line [37] and
HEY1 and A2780 are of ovarian cancer origin [38, 39].
The high-grade serous ovarian cancer (HGSOC) cell lines
OVCAR-3 (p.Arg248GIn) and Kuramochi (p.Asp281Tyr)
were used as models of mutant p53 [38]. The ovarian and
non-small cell lung cancer p53 null cell lines SKOV3 [40]
and H1299 [41], respectively c.267dell (p.S90fsX33) and
pS53 gene deletion c.(del), were also employed. A2780 was
sourced from Sigma-Aldrich Pty. Ltd. (Sydney, NSW, Aus-
tralia); MCF7, OVCAR-3, SKOV3 and H1299 were from
the American Type Culture Collection (ATCC; Manassas,
VA, USA) and Kuramochi was sourced from the Japanese
Collection of Research Bioresources (JCRB) Cell Bank
(Ibaraki city, Osaka, Japan). All cell lines were cultured
at 37 °C in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% foetal bovine serum
(SAFC Bioscience, Brooklyn, VIC, Australia) in a humidi-
fied incubator containing 5% CO, (Thermo, Waltham, MA,
USA). Media for MCF7 was additionally supplemented
with 1% insulin (Thermo Fisher Scientific Australia Pty.
Ltd, Scoresby, VIC, Australia). Cell line authentication
was performed by CellBank Australia (Westmead, NSW,
Australia). Cisplatin (#P4394), nutlin-3a (#SML0580) and
5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside (DRB,
#D1916) were purchased from Sigma-Aldrich, Sydney,
NSW, Australia.

Cloning and mutagenesis

Full length wt TP53 sequence was PCR amplified from
HEK?293 cells, cloned into the HindIII/Xhol sites of the
mammalian expression vector pcDNA4/TO (Life Technol-
ogies, Mulgrave, VIC, Australia) and verified by sequence
analysis (Australian Genome Research Facility, Westmead,
NSW, Australia). Plasmid DNA was propagated in IM109
Escherichia coli cells and purified using the Wizard®
Plus SV Miniprep DNA Purification System (Promega,
Alexandria, NSW, Australia) or Qiagen Plasmid plus
Midi kit (Qiagen, Chadstone, VIC, Australia). The gain
of function 7P53 mutation identified in OVCAR-3 cells,
p-Arg248Gln, was engineered using forward and reverse
primers (mutated nucleotide is bolded and underlined
with original sequence noted in brackets); for: 5'-CCT
GCATGGGCGGCATGAACCA(G = A)GAGGCCCAT
CCTCACCATCATC-3', and rev: 5'-GATGATGGTGAG
GATGGGCCTCT(C = T)GGTTCATGCCGCCCATGC
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AGG-3'. Plasmid DNA was transfected into cells using
X-tremeGENE™ 9 following the manufacturer’s protocols
(Sigma-Aldrich, Sydney, NSW, Australia).

Western blotting

Cells were washed with cold PBS, and lysed using urea
buffer (20 mM NaH,PO,, 0.5 M NaCl, 20 mM imidazole,
8 M urea, 0.5% triton, 20 mM Tris, pH 8, 0.5 mM DTT,
0.5 mM iodacetamide). Protein loading buffer (6% w/v
SDS, 40% w/v sucrose, 20 mM Tris, pH 6.8, 0.15% w/v
bromophenol blue) was added at a 1:3 ratio to urea buffer.
Extracts were sonicated for 30 s and denatured at 95 °C
for 5 min before being separated on 4-12% Bis—Tris gels
(Life Technologies, Thornton, NSW, Australia) at 180 V for
1 h and undergoing wet transfer at 100 V for 2 h (Bio-Rad
Laboratories, Gladesville, NSW, Australia) onto nitrocellu-
lose membrane (Amersham™ Protran® Supported Western
Blotting Membrane, GE Healthcare, Sigma-Aldrich). Mem-
branes were blocked in 5% skim milk and immunoblotted
overnight with one of the following primary antibodies:
anti-monoubiquitinated H2B-K120 (#MM0029; Medimabs,
Montreal, Canada); anti-Histone H2B (#AB52484; Abcam,
Cambridge, MA, USA); GAPDH (#14C10) and phospho-
rylated p53 (Serl5) (#9284; Cell Signaling Technology,
Danvers, MA, USA) or YH2AX (#05-636; Merck Millipore,
Bayswater, VIC, Australia). Membranes were probed with
peroxidase labelled secondary antibodies (anti-rabbit IgG,
#NA934V; or, anti-mouse IgG, #NA931V, GE Healthcare
Biosciences, NSW, Australia) for 1 h at room temperature.
Chemiluminescent signal was detected by SuperSignal ECL
Dura reagent (Pierce, Rockford, IL, USA) and visualized
using the Fujifilm LAS-4000 imaging system (Berthold Aus-
tralia, Bundoora, VIC, Australia). Quantitation by densitom-
etry was undertaken using Image J version 1.47v (National
Institute of Health, USA) or Multi Gauge 3.0 software (Fuji-
film Australia Pty. Ltd., Brookvale, NSW, Australia).

RNA isolation and gene expression analyses

Total RNA was extracted using the RNeasy Mini Kit (Qia-
gen, Chadstone, VIC, Australia) and automated using a QIA-
cube (Qiagen, Chadstone, VIC, Australia) and cDNA gener-
ated using Maxima H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific Australia Pty. Ltd, Scoresby,
VIC, Australia). Gene expression was analyzed in triplicate
using TagMan assays: TP53, Hs01034249_m1; CDKNIA,
Hs00355782_m1; BBC3, Hs00248075_ml; MDM?2,
Hs00242813_m1; BAX, Hs00180269_m1; GADD45A,
Hs00169255_m1; PLK2, Hs00198320_m1 and HMBS,
Hs00609297_m1 (Life Technologies, Mulgrave, VIC, Aus-
tralia) and the iTaq Universal Probes Supermix (Bio-Rad
Laboratories, Gladesville, NSW, Australia). Reagents were

dispensed using an epMotion 5070 robot (Eppendorf South
Pacific Pty Ltd., North Ryde, NSW, Australia), run on a
7900HT Fast Real-Time PCR System and data analyzed
using RQ manger software (Thermo Fisher Scientific Aus-
tralia Pty. Ltd, Scoresby, VIC, Australia).

RNA sequencing

A2780 cells were treated with 9.9 uM cisplatin [IC75 dose]
or vehicle control (0.9% saline) for 24 h and RNA was
extracted as described above with an additional on-column
DNase digest step. RNA samples were run on the Agilent
2100 bioanalyzer RNA 6000 Nano Labchip and samples
which passed quality control were processed using TruSeq
Stranded mRNA-seq sample preparation, followed by run-
ning on the HiSeq 2500 system (Illumina) with the 100 bp
SR Rapid run protocol, giving an output of 350 M reads per
run (Ramaciotti Centre for Genomics, Kensington, NSW,
Australia), yielding approximately 30 M reads per repli-
cate sample. RNA-seq data was validated by qRT-PCR for
selected highly expressed genes. Read alignment and junc-
tion finding was performed using STAR (Version 2.5.1b)
[42] and differential gene expression determined using
Cuffdiff2 (Version 2.2.1) [43].

ChIP and ChIP-sequencing

A2780 cells (seven T175 flasks for ChIP-seq or three T175
flasks for ChIP-qPCR grown to 70% confluence) were
treated with 9.9 pM cisplatin, or saline control, for 24 h
before being cross-linked for 10 min using 1% formalde-
hyde (Thermo Fisher Scientific Australia, Scoresby, VIC,
Australia). Formaldehyde was quenched using a final con-
centration of 0.125 M glycine (Sigma-Aldrich, Castle Hill,
NSW, Australia) and cell numbers were normalized between
cisplatin-treated and vehicle control. Cells were lysed in
Farnham Lysis Buffer (5 mM PIPES pH 8, 85 mM KCl,
0.5% NP-40), before nuclei were isolated and lysed in RIPA
buffer (1 X PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS) and sonicated in an ice bath for 7-10 cycles of 10 s
(10 pulses of 0.9 s on to 0.1 s off) at 30% amplitude using a
Branson Sonifier SFX550 (Branson Ultrasonics, Danbury,
CT, USA). Fragment size of the sonicated chromatin was
checked using a 1.2% agarose gel. One percent of the soni-
cated chromatin was put aside to act as the input control.
The remaining sample was incubated with either 3.5 ug (for
ChIP-qPCR) or 5 pg (for ChIP-seq) of the H2Bub1 antibody
(#05-1312, Merck Millipore, Bayswater, VIC, Australia)
or mouse IgG isotype control (#31202, Thermo Fisher Sci-
entific Scoresby, VIC, Australia), bound to 125 ul (ChIP-
gPCR) or 150 pl (ChIP-seq) of M-280 sheep anti-mouse IgG
(#11202D) or sheep anti-rabbit IgG (#11204D) conjugated
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Dynabeads (Thermo Fisher Scientific Australia, Scoresby,
VIC, Australia) overnight on a rotator at 4 °C.

Chromatin bound antibody beads were washed six
times with 500 mM LiCl IP Wash Buffer (100 mM Tris
pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxy-
cholate) on a rotator at 4 °C and once with TE Buffer.
Beads were resuspended in 200 ul IP Elution Buffer (1%
SDS, 0.1 M NaHCO;) and incubated for 65 °C for 1 h
on a shaking Thermomixer before beads were removed
from the IP samples. IP Elution Buffer was added to
input control samples and together with the IP samples
were reverse cross-linked overnight at 65 °C. DNA was
purified using a DNA Clean & Concentrator-25 column
(#D4004; Zymo Research, Irvine, CA, USA). For ChIP-
seq, the concentration of purified DNA was measured
using Qubit Fluorometric quantitation (Life Technologies
Australia Pty. Ltd., Mulgrave, VIC, Australia) and quality
assessment performed with a 2100 Bioanalyzer (Agilent
Technologies, Santa Clare, CA, USA) at the Ramaciotti
Centre for Genomics (University of New South Wales,
Randwick, Australia). TruSeq ChIP-seq library prep (I1lu-
mina) was used to prepare libraries from 5 ng of DNA.
Sample preparation was performed as per the manufac-
turer’s instructions except that the number of PCR cycles
was reduced from 18 to 16 PCR cycles and size selection
of the DNA was performed using the Pippin 2% agarose
cassette (Sage Science Inc., Beverly, MA, USA) selecting
for 130-380 bp fragments (target 255 bp). The libraries
were pooled at equal ratio and sequenced in one NextSeq
500 1 x 75 bp High Output flowcell (Illumina Inc., San
Diego, CA, USA) by the Ramaciotti Centre for Genomics
and data received as FASTQ files.

The human GRCh37/hgl9 reference sequence was
utilised for alignment and the UCSC hgl9 annotation
was used for feature recognition. Following trimming,
67 bp reads were aligned using Bowtie2 (Version 2.2.6)
[44] yielding approximately 70 M sequences per sam-
ple and genomic regions where H2Bubl was localised
were determined using HOMER (https://homer.ucsd.
edu/homer/) [45], and a histone-specific, variable length,
regional binding approach. Increased H2Bub1 DNA bind-
ing between cisplatin and saline treated conditions was
accomplished using HOMER, requiring at least a fourfold
increase in tags (treated versus saline) and a Poisson p
value over saline of 0.0001. The reverse approach was
used to identify binding that was higher in saline ver-
sus cisplatin. Prior to pathway analysis, regions of robust
H2Bubl DNA binding were selected using a HOMER
peak score cut-off > 100, where peak score quantitates
position-adjusted reads from the peak region. This cut-off
was chosen by correlating the score with visual inspection
of BED files uploaded to the UCSC Genome Browser.
Tag counts were normalized by total tag count per sample.
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Chromatin immunoprecipitation qPCR (ChiP-qPCR)

ChIP-qPCR was used to validate H2Bub1 enrichment at spe-
cific gene sequences in the discovery cell line A2780 and to
expand analyzes to the additional TP53 wt line MCF7 and
mutant (OVCAR-3 and Kuramochi). Cell lines were treated
with cisplatin for 24 h at doses equivalent to IC75 (A2780,
MCF7) or IC80 (OVCAR-3, Kuramochi). Furthermore, ChIP-
gPCR was used to assess H2Bubl enrichment at specific
genes following transfection of mutant (p.Arg248GlIn) or wt
TP53 into the p53 null cell line SKOV3. Primer design was
informed by H2Bub1 enrichment in cisplatin-treated A2780
cells, both within the gene sequence (enriched) and down-
stream of gene sequences (not-enriched). Primers to GAPDH
and SPATA17 (intergenic region 1) sequences have previously
been published as, respectively, positive and negative regions
of H2Bubl enrichment [46]. Primers designed both within
the coding sequence (4) and downstream (—) of the p53 target
genes BAX, MDM?2, BBC3, CDKNIA, GADD45A and PLK?2
were used to assess H2Bub1 enrichment by qRT-PCR follow-
ing ChIP. Primer sequences are listed in Suppl. Table 1. IgG
controls were used to demonstrate specificity of the H2Bub1
antibody for immunoprecipitation. gRT-PCR was performed
in triplicate using specific primer pairs and the SensiMix
SYBR Hi-ROX Kit (Bioline, Eveleigh, NSW, Australia).

The MDM?2 antagonist nutlin-3a was used to determine the
likelihood that changes in H2Bub1 enrichment were related
to the presence of p53. A2780 cells were treated with IC75
(21.3 uM) levels of nutlin-3a for 24 h, followed by ChIP-
gPCR as above. Further, to determine whether the presence
of H2Bubl1 is dependent upon transcription, an inhibitor of
RNA pol II transcriptional elongation, DRB, was used. A2780
cells were treated with IC75 doses of cisplatin for 16 h after
which time the drug was removed and the cells treated with
50 uM of DRB for 5 h. Cells were fixed and ChIP-qPCR per-
formed as above.

Statistical analysis

IBM SPSS software version 22.0 (SPSS Australasia Pty Ltd.,
Chatswood, NSW, Australia) was used for statistical ana-
lyzes. ChIP-gPCR, gene expression and Western blot data are
expressed as the mean + SEM from at least three independent
experiments. One-way ANOVA (posthoc Tukey HSD test) or
one sample 7 tests were used to determine statistical signifi-
cance. For all analyzes, p <0.05 was considered to be statisti-
cally significant.
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noblots and quantitation for A2780 (N=4), b MCF7 (N=4), and ¢
HEY (N=4). The H2Bub1:TH2B ratio was normalized within exper-
iments to the vehicle control (s; saline treated at 4 h) and shown as
the mean+SEM. A2780 and MCF7 cells showed significant reduc-
tion in H2Bubl at 18 and 24 h. HEY1 cells show significant reduc-
tion in H2Bub1 at 24 h. In p53 null cell lines d SKOV3 (n=5) and
e H1299 (n=4), representative immunoblots and data from pooled
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when transfected with wt p53 relative to the empty vector (ev) con-
trol 48 h after transfection. In all cases, the H2Bub1:TH2B ratio
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(S; saline treated at 4 h) or ev control (pcDNA4) and shown as the
mean + SEM. *p <0.05, **p <0.005 (one-way ANOVA, Tukey’s post
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«Fig. 2 Distribution of H2Bubl enrichment throughout the genome,
including gene specific H2Bubl enrichment in response to DNA
damage. a Genome ontology and intragenic distribution of chroma-
tin bound H2Bubl in cells with and without DNA damage. Genomic
regions of H2Bubl enrichment identified using HOMER in saline
treated A2780 cells and b A2780 cells treated with an IC75 dose of
cisplatin (Suppl. Figure 1). ¢ H2Bubl-enrichment is observed up to
10,000 nucleotides downstream of transcription start sites (TSS) in
response to cisplatin treatment (TTS, transcription termination site;
UTR, untranslated region; ncRNA, non-coding RNA). d Heatmap of
H2Bubl-enrichment patterns in saline versus cisplatin-treated (IC75
dose) A2780 cells (log,, tags normalized to total tag count per sam-
ple) showing fifty-eight H2Bubl-enriched protein coding genes clus-
tered into pathways that appeared more than once (Genecards). e
Heatmap showing sixty-one H2Bubl-enriched protein coding genes
that did not cluster into pathways based on Genecards. f Heatmap
showing H2Bub1-depletion in response to cisplatin was seen in only
6 protein-coding and one ncRNA (PTPRG-ASI). g Heatmap show-
ing H2Bubl-enrichment in response to cisplatin was observed in 12
ncRNA and the small nucleolar RNA SNORAI6A (S, saline; C, cis-
platin treated)

Results

Global levels of H2Bub1 decrease in response
to DNA damage in the presence of wild-type p53

Wild-type p53 cell lines were treated with cisplatin cor-
responding to either an IC75 (A2780) or IC80 (HEY and
MCEF7) dose (Suppl. Fig. 1) and cell lysates harvested
at 0, 4, 8, 18 and 24 h. Strong expression of the double
strand break (DSB) marker y-H2AX was present in all
cell lines from 18 h, with A2780 showing earlier pres-
ence of this histone mark (Fig. la—c). Largely in paral-
lel with y-H2AX, stabilized p53, indicated by serinel5
(Ser15) phosphorylation, emerged in response to DNA
damage. While levels of total H2B and the reference pro-
tein GAPDH remained constant, levels of H2Bub1 signifi-
cantly decreased over time in all wt p53 cells (Fig. la—c).
This was in contrast to the p53 null cell lines SKOV3
and H1299 that showed no significant change in H2Bubl1
levels in response to an IC80 dose of cisplatin over
24 h, despite clear induction of the DSB marker YH2AX
(Fig. 1d, e Suppl. Figure 1). Transient transfection of wt
p53 into both p53 null cell lines increased expression lev-
els of phosphor-p53 and the p21 protein and significantly
reduced H2Bubl levels (Fig. 1f, g). Taken together, these
data suggest that increased levels of wt p53 or its Serl5
phosphoform, whether in response to DNA damage or
transient transfection, is associated with the reduction of
total levels of H2Bubl.

Epigenomic distribution of chromatin-bound
H2Bub1 is enriched at a subset of genes in response
to DNA damage

To determine the genomic distribution of chromatin-
bound H2Bubl we performed H2Bub1 ChIP-seq on the
A2780 cell line. Analysis of chromatin immunoprecipita-
tion sequencing (ChIP-seq) data showed that the broad
distribution of H2Bubl was similar between saline and
cisplatin-treated cells, with most H2Bub1 found at introns
(43.7-45.7%), followed by exons (21.6-21.9%), 5'-UTR
(11.2-12.1%) and promoters (9.5-9.7%). Lower amounts
of chromatin-bound H2Bub1 were found in saline treated
cells at transcription termination sites (TTS; 3.8%), fol-
lowed by 3'-UTR (3.4%), intergenic regions (2.5%) and
non-coding (ncRNA; 1.2%). In cisplatin-treated cells,
H2Bubl was found at intergenic (4.5%), TTS (4.1%),
3'-UTR (4.0%) and ncRNA (1.2%) regions (Fig. 2a, b).

Despite the overall decrease in H2Bubl1 in response to
DNA damage, H2Bub1 was enriched in a subset of genes
in cisplatin-treated cells compared to saline treated, up to
10,000 nucleotides downstream of transcription start sites
(TSS; Fig. 2¢). Using a cut-off of peak scores > 100 and
at least fourfold enrichment, 132 unique genes were found
to be enriched for chromatin-bound H2Bub1 in cisplatin
versus saline treated cells, and seven genes showed loss
of H2Bub1 enrichment (Fig. 2d—g). Of the 132 H2Bubl-
enriched genes, 119 were protein coding, twelve were
ncRNA and one was the small nucleolar RNA SNORAI6A.
For the seven genes showing loss of H2Bub1 enrichment
under conditions of DNA damage, six were protein coding
and one, PTPRG-AS1, was a IncRNA (Fig. 2f).

Genes enriched for chromatin-bound H2Bub1
following treatment with cisplatin cluster
into known cancer-associated pathways

Fifty-eight of the 132 H2Bubl-enriched genes identified in
response to cisplatin treatment were included in pathways
containing at least two of these genes (Table 1, Fig. 2d,
Suppl. Figure 2). Based on Genecard Pathways, the p53
pathway contained the highest number of H2Bub1-enriched
genes (N=15), suggesting that enrichment of H2Bubl1 in
response to DNA damage may be an important mechanism
enabling p53 signalling. STRING analysis of these 132
H2Bubl-enriched genes identified p53 signalling as the
top KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway (False Discovery Rate (FDR) 2.82 % 107; Suppl.
Figure 3). Canonical p53 target genes, including CDKNIA
and MDM?2, all showed enrichment of H2Bub1 in exonic
and intronic regions in response to cisplatin. No enrich-
ment of H2Bub1 was seen for TP53 itself visualized using
the UCSC Genome Browser (Fig. 3). This is in line with
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elevated levels of p53 in response to DNA damage being
predominantly due to protein stabilization through post-
translational modification, while increased expression of
pS53 target genes is a transcriptional event (reviewed in
[47D.

Cisplatin-induced H2Bub1 enrichment was validated
for a selection of p53 target genes BAX, MDM?2, BBC3,
CDKNIA, GADD45A and PLK2 in the wt p53 cell line
A2780 and the mutant p53 line OVCAR-3 using quantita-
tive real-time PCR (qRT-PCR; Fig. 4a—d). For all genes
analyzed, H2Bubl showed significant enrichment in
cisplatin-treated wt p53 cells, in the case of BBC3 being
enriched tenfold over saline treated cells (Fig. 4a). While
some H2Bubl enrichment was observed in mutant p53
cells in response to cisplatin, the degree of enrichment was
two-fold or less, and in the case of MDM2, a small decrease
in H2Bub1 was observed in cisplatin-treated cells (Fig. 4c).
H2Bubl enrichment in response to cisplatin was associated
with increased expression of p53 target genes in wt p53
cells, in the case of CDKNIA displaying 38-fold higher
expression than in saline treated cells (Fig. 4b). While some
increase in gene expression in response to cisplatin in p53
mutant cells was seen, significant changes were observed
at only two-fold or lower levels (Fig. 4d). Similar results
were observed in the additional p53 wt and mutant cell
lines, respectively MCF7 and Kuramochi (Suppl. Figure 4).
These data support our ChIP-seq data that identified genes
involved in the p53 signalling pathway as H2Bub1 enriched
in response to cisplatin in wt p53 cells.

Functional analysis of the role of p53 on H2Bub1
chromatin modification

Next, to interrogate the role of p53 in H2Bubl genomic
distribution, we transfected either wt or mutant

(p-Arg248GlIn) p53 into SKOV3 p53 null cells followed
by H2Bub1l ChIP and qRT-PCR. Our data revealed that
the p53 target genes MDM2, BBC3 and CDKNIA showed
significant enrichment of chromatin-bound H2Bub1 in wt
p53 transfected cells relative to mutant p53 transfected
cells. Only PLK2 showed a decrease in H2Bub1 enrich-
ment in response to DNA damage in wt p53 transfected
cells (Fig. 4e). Furthermore, all p53 target genes analyzed
showed higher gene expression in p53 wt transfected cells
relative to p53 mutant cells (Fig. 4f). This data provides
additional evidence that H2Bubl enrichment correlating
with high levels of gene expression of p53 target genes is
promoted by wt p53.

Finally, we sought to gain additional evidence that the
phenomenon observed was directly related to pS3 rather than
a generalised effect of DNA damage. We treated A2780 cells
with the MDM2 inhibitor nutlin-3a that blocks polyubig-
uitination of p53, preventing its degradation via the 26S
proteasome and resulting in higher levels of p53 in the cell.
This treatment also led to H2Bub1 enrichment at p53 target
genes, between 2.7 to 7.9 fold (Fig. 4g), alongside increased
expression of the same genes (Fig. 4h). Taken together, these
data provides further evidence that H2Bub1-enrichment in
the coding regions of p53 target genes is a key feature of wt
p53 signalling.

Other H2Bubl-enriched genes in response to DNA dam-
age included those that clustered into involvement with the
immune system or immune response (N=10), ERK/MAPK
signalling-related (N =38), metabolic pathways (N=38),
membrane-trafficking (N =7), chromatin-regulation path-
ways (N =2), nucleotide excision repair pathway (NER;
N=2), sphingolipid signalling (N =2), Hippo signalling
(N=2) and circadian rhythm associated (N=2) (Table 1).
POLH, functioning in platinum drug resistance and DNA
repair pathways, and HSPA4L, functioning in senescence
pathways, were also enriched for H2Bubl in response

Table 1 Pathways containing H2Bub1-enriched genes in response to DNA damage

Pathway

H2Bubl-enriched genes following cisplatin treatment, N=58

p53-signalling

PPMID, BTG2, PLK2, MDM?2, CDKNIA, ZMAT3, DRAM1, DDB2, TP53INP1,

TRIAPI, TAF3, BBC3, GADD45A, PLK3, PRDM1

Immune system or immune response
ERK/MAPK signalling-related
Metabolic

Membrane-trafficking

Nucleotide excision repair

CYFIP2, PNP, CEACAM1, EGRI, RNF19B, HSPAIB, FOSB, IL6ST, TRIM2, WSB1
EPHA2, RAP2B, TOBI, FOS, TNFSF9, LIF, SHC1, SOD1

SDHA, RGLI1, FDXR, ISPD, ALDH7A1, GLDC, PI4KB, LRP10

BLOCI1S2, RALGAPB, GOSRI, SNX2, SNX5, ANK1, AP3S1

POLR2A, XPC

Sphingolipid SIPR3, CERS6
Hippo PARD6G, AMOTLI
CIRCADIAN rhythm PASDI, EGR3

Chromatin-regulation

HEXIM1, ANKRA2
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