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e Instead, replication initiates at sites of H3K27me3 loss and
increased open chromatin
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In brief

Most promoters repressed by the
Polycomb group of proteins also harbor
DNA replication initiation in pluripotent
stem cells. Prorok et al. find that EZH2
loss of function leads to marked increase
in DNA replication initiation at these
repressed promoters with loss of
H3K27me3, irrespective of the activating
histone H3K27ac mark or transcription.
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SUMMARY

In metazoan cells, DNA replication initiates from thousands of genomic loci scattered throughout the genome
called DNA replication origins. Origins are strongly associated with euchromatin, particularly open genomic
regions such as promoters and enhancers. However, over a third of transcriptionally silent genes are asso-
ciated with DNA replication initiation. Most of these genes are bound and repressed by the Polycomb repres-
sive complex-2 (PRC2) through the repressive H3K27me3 mark. This is the strongest overlap observed for a
chromatin regulator with replication origin activity. Here, we asked whether Polycomb-mediated gene
repression is functionally involved in recruiting DNA replication origins to transcriptionally silent genes. We
show that the absence of EZH2, the catalytic subunit of PRC2, results in increased DNA replication initiation,
specifically in the vicinity of EZH2 binding sites. The increase in DNA replication initiation does not correlate
with transcriptional de-repression or the acquisition of activating histone marks but does correlate with loss

of H3K27me3 from bivalent promoters.

INTRODUCTION

In mammalian cells, genome duplication starts at replication initi-
ation sites termed replication origins that are activated in a
defined temporal order during each cell cycle. They are localized
at specific sites, but their usage is flexible. ' Thus, in a human or
mouse cell, around 100,000 potential origins are present, but
only a fraction of them (about 30%) are activated in each given
cell (2-4), and their selection process remains poorly under-
stood. Genome-wide mapping of origins did not reveal a strict
DNA consensus sequence in metazoans, but some genetic
and epigenetic (pertaining to chromatin and histone modifica-
tions) characteristics were identified. Among these features,
the presence of G-rich elements, such as origin G-rich repeated
elements (OGREs) localized upstream of initiation sites were
found in more than 60% active origins in fly, mouse, and human
cells, which can potentially form G-quadruplexes (G4s).*'*
Apart from sequence elements, independent assays have
also associated DNA replication initiation with a set of chromatin
marks that are mostly activating in nature.”'*™'" However,
we previously observed a strong association of polycomb group
protein (PcG) binding sites with DNA replication origins in mouse
embryonic stem cells (MESCs).” PcG proteins contribute
to the regulation of pluripotency in mESCs and human

Gheck for
Updates

ESCs by silencing differentiation-related genes.'®2° Promoters
repressed by the PcG proteins in mESCs retain bivalency (simul-
taneous presence of the repressive H3K27me3 and activating
H3K4me3 histone marks), thereby retaining the ability to be acti-
vated as differentiation proceeds.'® Two major PcG complex
groups were identified: the Polycomb repressive complex 1
(PRC1) and PRC2. Depletion and/or mutation of PRC2 subunits
leads to severe developmental defects at early stages of mouse
embryogenesis.'® A main component of PRC2 is the core sub-
unit enhancer of zeste homolog 2 (EZH2), which has a Su(var)
3-9, Enhancer-of-zeste and Trithorax (SET) domain and contains
the histone methyltransferase (HMTase) activity responsible for
H3K27 trimethylation.”’

Although EZH2 sites (around 4,000-10,000 in mESCs) repre-
sent a minor part of the total replication origins, 75%-90% of
them are associated with replication origins’ in mESCs. In
contrast, only about half of H3K4me3 and a third of H3K27ac sites
bear DNA replication initiation sites, highlighting that EZH2-
bound regions are clearly hotspots of replication initiation (Fig-
ure S1A). Here, we used a transgenic inducible EZH2-deficient
mESC line to functionally address how a PRC component may
control the initiation of DNA replication. A stable genomic deletion
of the EZH2 catalytic SET domain was generated by tamoxifen-
induced Cre-Lox recombination®® followed by genome-wide
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Figure 1. EZH2 KO induces upregulation of
some DNA replication origins

(A) Left panel shows read profile plots of SNS-seq
reads that fall on upregulated, downregulated, or
unchanged origins in Ezh2** (dark green lines)
and Ezh2*/2 (light green lines) cells. Right panel
shows corresponding heatmaps of read intensity
of the same regions for Ezh2*/* (left) and Ezh2*/2
(right) with the middle point of origins centered in
the position zero. Both plots extend the origin
center by 7 kb on each side. The y axis represents
the signal intensity in counts per million (CPMs).
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a 60 p=1E-307 n = 3, biological replicates (BRs).

K (B) Volcano plot of differential activity analysis of
g 40 SNS-seq samples from Ezh2*/* and Ezh2*/* cells.
E The y axis represents the false discovery rate
» 20 (FDR; in log10), and the x axis represents fold
j§> change (in log2). In red are DNA replication origins
S 0 that are statistically significantly upregulated in

EZH2 CTL

| Ezh2%/2 cells. n = 3, BRs.
BS+2Kb regions

(C) Bar plot shows the percentage of upregulated

origins that overlap a consistent EZH2 binding site (black bar) within 2 kB. Dotted lines show the percentage of upregulated origins that overlap randomized
control genomic regions of the same size and number as EZH2 binding sites (control [CTL] regions). p values obtained by chi-squared goodness-of-fit test.

profiling of replication initiation and transcriptional and epigenetic
landscapes in these cells (Figure 1A). We show that loss of EZH2
activity reshapes DNA replication initiation in a specific manner at
EZH2-bound repressed promoters.

RESULTS

Catalytically inactive EZH2 is degraded with no
detectable effect on the cell cycle or checkpoint
activation

In order to investigate the potential influence of PRC2 activity on
DNA replication repertoire, we took advantage of a genetically
engineered mESC line in which the catalytic domain of EZH2,
SET, is permanently deleted by an inducible Cre-Lox recombina-
tion system?? (Figure S1B). As previously reported,?? tamoxifen-
induced excision leads to efficient deletion of exons 14 and 15,
generating a premature STOP codon prior to the SET domain
coding exons of Ezh2 (Figure S1B). Exhaustive genomic deletion
in the Ezh2 locus 48 h after addition of tamoxifen was confirmed
(Figure S1C), resulting in truncated and degraded protein prod-
ucts at 96 h after the initial addition of tamoxifen (Figure S1D),
which is the time point for all experimental assays.

Growth curves for Ezh2** and Ezh2** cells were similar
(Figure S1E). Cell-cycle profile analysis by flow cytometry of
cells pulsed with the thymidine analogue BrdU showed similar
profiles and BrdU incorporation, reflecting similar percentages
of cells in S phase (Figure S2A). These results confirm the
lack of proliferation defects observed in a similar EZH2 loss-
of-function cell line.>> We did not observe changes in expres-
sion of Oct4 or other markers of cellular pluripotency (Figures
S1D and S2B). Finally, we did not observe replication check-
point activation in Ezh2®/2 cells as observed in control cells
treated with campthothecin, a topoisomerase 2 inhibitor (Fig-
ure S2C). We concluded that the deletion of the catalytic his-
tone methylation activity of EZH2 did not affect cell growth
and cell-cycle dynamics. However, as PcG sites represent a
minor part of total potential replication origins, we asked
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whether the DNA replication initiation landscape is specifically
impacted at direct EZH2 binding sites.

Loss of PRC activity leads to upregulation of DNA
replication initiation

We identified DNA replication origins using RNA-primed nascent
DNA analysis (short nascent strand sequencing [SNS-seq])
coupled with high-throughput sequencing in Ezh2*"* and Ezh2%/2
mESCs from three independent replicates (Experimental Sche-
matic, Figure S2D). Replication origins were called using two
complementary software tools as previously described.” Our anal-
ysis identifies a total of 86,829 and 117,667 DNA replication initia-
tion sites (ISs) in Ezh2** and Ezh2*® mESC lines, respectively
(Table S1).

We next analyzed the differential activity of DNA replication or-
igins between SNS-seq samples from Ezh2*/* and Ezh2*/* cells
using DiffBind, a computational tool that identifies statistically
different accumulation of sequencing reads (Table S2). Compar-
ison of DNA replication activity in Ezh2*/* and Ezh2%2 cells
revealed statistically significant upregulation of activity in
~5,000 regions (false discovery rate [FDR] < 0.05, 7% of all ori-
gins), with the remaining origins either downregulated (0.2%) or
unchanged (~93%) (Figures 1Aand 1B). Figure 1A shows a heat-
map of replication initiation activity, revealing a substantial upre-
gulation of activity in the origins statistically upregulated in the
Ezh2®/2 cell category. Taken together, our data suggest that
loss of Ezh2 function does not lead to detectable effects on
DNA synthesis but to a predominant upregulation of activity for
a select group of ~5,000 DNA replication origins.

Increased origin activity in Ezh2/2 cells correlates with
EZH2 binding sites

We asked whether the observed changes in DNA replication
activity was indeed related to EZH2 binding sites. Regions that
reproducibly display an enrichment in two separate EZH2 chro-
matin immunoprecipitation (ChlP)-seq datasets®*?° in mESCs
were used as consistent binding sites for EZH2 (Table S1). Half
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of all upregulated SNS-seq peaks were found within 2 kb of
consistent binding sites for EZH2, and this figure was 80%
when we considered any EZH2 binding site (see STAR Methods;
Figures 1C and S3A). We concluded that Ezh2%/2 cells display an
increase in replication initiation, specifically at EZH2 binding
sites. This result led us to ask whether epigenetic marks depos-
ited by EZH2 and/or the transcriptional program controlled by
EZH2 is involved in this increase in replication origin activity.

Increased origin activity in Ezh2 knockout cells is not
linked to a de-repression of transcription at EZH2
promoters

Approximately 77 % of upregulated SNS-seq peaks reside within
ENSEMBL gene promoters (transcription start site [TSS] + 2 Kb)
(Figure 2A, in red). This is a significant enrichment over origins
that are downregulated or remain unchanged or a control set
with a similar activity level (Figures 2A and S3B). This result
confirmed that DNA replication initiation was specifically upregu-
lated around promoter regions, and strikingly, a substantial
portion of these promoters also contain consistent EZH2 binding
sites (47%; Figure 2B) and are repressed (Figure 2C).

We next investigated whether upregulated origins are
positioned at repressed gene promoters because they become
transcriptionally active upon EZH2 knockout. To do this, we per-
formed differential gene expression analysis on three replicates

¢? CellPress

OPEN ACCESS

(o] Figure 2. Increased DNA replication activity
does not correlate with transcriptional acti-
vation

(A) Bar plots show overlaps of different classes of
origins (upregulated in red, downregulated in blue,
unchanged in gray) with ENSEMBL promoter re-
gions (TSS = 2 Kb), gene body (excluding TSS + 2
Kb) and intergenic regions (excluding TSS + 2 Kb).
(B) Bar plots showing the percentage of promoter
regions (ENSEMBL gene TSS =+ 2 Kb) containing
upregulated origins that overlap EZH2 binding
sites or randomized control genomic regions of
the same size and number as EZH2 binding sites
(CTL regions). p value obtained by chi-squared
goodness-of-fit test.

(C) Pie chart shows the percentage of promoters
containing upregulated origins that are transcrip-
tionally repressed (TPM < 3).

(D) Read profile plots of RNA sequencing (RNA-
seq; left panel, in gray) or SNS-seq (right panel, in
green) for EZH2-bound promoters. The plots are
centered at TSS and normalized by CPMs.

(E) Read profile plots of RNA-seq (left panel, in
gray) or SNS-seq (right panel, in green) for EZH2-
bound regions that do not overlap promoters. The
plots are centered at the middle of the EZH2 peaks
and normalized by CPMs.

In this figure, both SNS-seq and RNA-seq have n =
3 BRs, and lines represent merged read pileups.

Promoters with
upregulated
origin activity

\-/

Transcriptionally
repressed
89.5%

of RNA-sequencing samples obtained
from Ezh2** and Ezh2*2 cells to identify
genes that increase in transcriptional
activity (Figure S2D). As previously re-
ported,?” Ezh2*2 cells display mild tran-
scriptional dysregulation compared with Ezh2** cells (Table S2,
524 up and 526 down genes at p < 0.05). The overwhelming major-
ity (>96%, ~7,000 genes; Table S1) of genes that are bound by
EZH2 at their promoters remain transcriptionally silent (Figures
2D, left panel, and S3C) but still experience an upregulation of
DNA replication activity (Figure 2D, right panel). We conclude
that EZH2-bound gene promoters remain transcriptionally
repressed following loss of function of EZH2 but are associated
with upregulation of TSS-associated replication origin activity.

We also noted that a small minority of EZH2-bound sites do not
reside at known gene promoters (~1,900 regions; Table S1).
Upon loss of function of EZH2, these specific sites experience
an increase in non-genic transcriptional output, which corre-
sponds to an increase in DNA replication initiation activity (Fig-
ure 2E). PRC is known to bind and repress promoters, but PRC
activity is also associated with inactive enhancer regions,?® also
known as poised enhancers. Approximately 30% of these
EZH2-bound non-promoter regions represent poised enhancers
that were previously defined®’ (Figure S3D).

We conclude that the prominent increase in DNA replication
initiation activity at EZH2-bound promoters in Ezh2*2 cells is
not linked to transcriptional de-repression. However, de novo
transcription from EZH2-bound non-promoter sites, possibly en-
hancers, is associated with increased DNA replication initiation
activity.

Cell Reports 42, 112280, April 25, 2023 3
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Figure 3. Loss of H3K27me3 is correlated with an increase in DNA replication initiation activity

(A) Volcano plot of differential activity analysis of H4K27me3 ChlP-seq samples from Ezh2** and Ezh2*/2 cells. The y axis represents the FDR (in log10), and the x
axis represents fold change (in log2). In blue are H4K27me3 regions that are statistically significantly decreased/downregulated in Ezh2*/2 cells. n = 3, BRs.
(B) Chromatin landscape at a known PRC target, the HoxA cluster. IGV genome browser snapshots of merged read pileups from H3K27me3 ChIP-seq ex-
periments (n = 3) from Ezh2*/* (navy) and Ezh2*/2 (light blue) cells. Also shown are EZH2 binding sites in mESCs (orange). The y axis unit is CPMs.

(C) Bar plots show percentage of overlap of upregulated or downregulated H3K27me3 peaks with EZH2 binding sites (black bars). Dotted lines represent overlaps
with randomized genomic regions (control overlaps) of the same size and number as EZH2 binding sites.

(D) Bar plots show percentage of overlap of upregulated or downregulated H3K27me3 peaks with upregulated SNS-seq peaks (origins, black bars). Dotted lines
represent overlaps with randomized genomic regions (control overlaps) of the same size and number.

(legend continued on next page)
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Upregulated origins at EZH2 binding sites correlate with
a drop in H3K27me3

Ezh2 is a methyltransferase that mediates histone H3K27me3
deposition on target gene promoters inducing a transcriptional
repressive state. Loss of EZH2 or its SET domain results in a
loss of H3K27me3 deposition (reviewed in Yu et al.”"). This
loss might be hypothesized to lead to a gain in H3K27 acetyla-
tion,® in agreement with the proposal that H3K27 trimethylation
prevents H3K27 acetylation at PRC2 target genes. In addition,
the association of the PcG proteins and H3K27 methylation
also inhibit the spreading of acetylation to other H3 resi-
dues.?®° We therefore examined the landscape of H3K27me3
and H3K27ac by ChlP-seq in relation to the increased DNA repli-
cation origin activity in Ezh2*/* and Ezh2*/2 cells.

Differential peak intensity analysis using Diffbind suggests that
deposition of the H3K27me3 is statistically significantly reduced
at numerous genomic regions as well as known PRC2 target loci
(419 sites at FDR < 0.05; Figures 3A and 3B; Table S2). More-
over, of the regions statistically significantly downregulated for
the H3K27me3 mark in Ezh2*/ cells, almost all contain direct
binding sites for EZH2 (96%; Figure 3C), and many contain
significantly upregulated origins (26%; Figure 3D), suggesting
that loss of H3K27me3 deposition is associated with an increase
in origin activity.

Similarly, EZH2-bound sites experience a notable drop in
H3K27me levels, which is associated with a similar increase in
origin activity (Figures 3E-3G). Positive control regions, where
all SNS and ChIP-seq peaks are plotted, display a similar scale
of activity to EZH2-bound regions (Figures S4A-S4C, top
panels), whereas negative control regions (randomized genomic
regions of the same size and number) drawn to the same scale
do not experience any changes in activity (Figures S4A-S4C,
bottom panels).

Reductions in the repressive mark H3K27me3 are accompa-
nied by a milder, but widespread, increase in the activating
histone mark H3K27ac genome wide (7,157 sites; Figure S4E).
However, we find that the regions displaying upregulation in
H3K27ac levels are loosely associated with EZH2-bound regions
(<10% contain an EZH2 binding site) or with upregulated origin
activity (6% contain upregulated origins; Figures S4F and
S4G). These results would be consistent with spreading of the
H3K27ac signal observed in the absence of EZH2 activity.”® As
expected, there is very little H3K27ac signal at EZH2-bound sites
in Ezh2*'* cells that typically represent repressed promoters
(Figure 3H). The residual H3K27ac at EZH2-bound sites is not
significantly augmented upon loss of EZH2 function compared
with regions that are marked by H3K27ac (Figure 3H versus Fig-
ure S4D). We concluded that depletion of EZH2 results in an
increased replication origin activity at EZH2 binding sites, which
is associated with a drop in H3K27 methylation but is uncorre-
lated to changes in H3K27ac levels.
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Replication initiation at bivalent domains

Our data showed that an increase in replication origin activity at
EZH2 binding sites strongly correlated with a corresponding
decrease in the repressive H3K27me3 mark. Nevertheless, we
do not find transcriptional de-repression at EZH2-bound pro-
moters or de novo deposition of H3K27 acetylation. We therefore
considered that this transcription-independent upregulation of
replication origin activity may be linked to the bivalent nature of
polycomb-repressed genes.

PRC2 complexes in mESCs are associated with bivalent chro-
matin domains. The integrity of these domains is important for
silencing of developmentally related gene expression, preventing
stem cell differentiation. Bivalent promoters are enriched with
H3K4me3 and H3K27me3, where H4K3me3 is an activating chro-
matin mark deposited by mixed lineage leukemia (MLL) complexes
and H3K27me3 a repressive histone modification. While the
H3K27me3 domains usually mark large genomic regions spanning
multiple genes, bivalent domains are restricted to gene promoters
where the H3K4me3 mark resides.'”® More than 95% of
H3K27me3 marks present at a promoter in stem cells also have
a H3K4me3 mark and thus are bivalent.®' Since the majority of
EZH2 binding sites are at promoter regions (Tables S1B and
S1C), we asked whether EZH2 depletion impacts bivalent domain
integrity and whether this is associated with DNA replication
initiation activity. The high-confidence bivalent promoters were
previously defined by Mantsoki et al.®" based on the overlap of
ChlIP-seq datasets for H3K27me3 and H4K3me3 histone modifi-
cations from several mESCs. Our analysis suggests that upon
loss of function of EZH2, DNA replication initiation activity is
increased from bivalent promoters (Figure 4A, left panel). This is
accompanied by a prominent loss of H3K27me3 from these re-
gions, potentially resulting in an imbalance of the H3K27me3 and
H3K4me3 ratio. Similar to EZH2-bound regions, residual amounts
of H3K27ac are found at bivalent promoters and do not increase in
knockout (KO) conditions (Figure 4A).

Interestingly, re-analysis of data from a published study®”
suggests that loss of EZH2 function in pluripotent hematopoietic
stem cell lines does not alter the levels of H3K4me3 at bivalent
promoters (Figure 4B), further confirming that increased DNA
replication is not associated with increased levels of activating
histone marks (H3K4me3 or H3K27ac) but rather with the loss
of the repressive H3K27me3 mark. In these cells, loss of EZH2
resulted in an increased chromatin accessibility at repressed
promoters, as assessed by assay for transposase-accessible
chromatin and sequencing (ATAC-seq) (Figure 4B). We also
observed that EZH2-bound TSSs retained a level of chromatin
accessibility that was comparable to the levels observed in lowly
expressed genes (3-10 transcripts per million (TPM); Figures 4C
and 4D). Moreover, we observe that in mouse embryonic fibro-
blasts, loss of EZH2 results in altered nucleosome positioning
on well-established polycomb targets (Figure S4H).

E) Read profile (top) and heatmap (bottom) plots of EZH2 ChlIP-seq experiments over EZH2 binding sites. BRs, n = 3 from 2 studies.

F) Read profile and heatmap plots of SNS-seq experiments performed in Ezh2** and Ezh

22/2 cells plotted centered on EZH2-bound regions.

H) Same as (F) but for H3K27ac ChIP-seq data. The plots are centered at the middle of the EZH2 peaks and normalized by CPMs.

(
(
(G) Same as (F) but for H3K27me3 ChlIP-seq data.
(
|

n (E)—~(H), merged read pileups plotted for BRs, n = 3.

Cell Reports 42, 112280, April 25, 2023 5




¢? CellPress

OPEN ACCESS

A SNS-seq
— Ezh2+* Ezh2ua
2 0.2
7]
C
8
£
5 .‘/\k
c
2
[72]
0 ™
-7Kb Bivalent 7Kb
TSS
Ezh2+*  Ezh2wa
’g 3 jos3
it
7Kb|| o
B H3K4me3
— Ezh2** —— Ezh24A
> 100
‘B
c
8
£
=
c
2
? 9
-7Kb Bivalent 7Kb
TSS
Ezh2+*  Ezh2wa
80
:
7Kb|| o

H3K27me3

— Ezh2** Ezh2ta

/N

0 >
-7Kb Bivalent
TSS

0.5

7Kb

Ezh2t*  Ezh2uA
e o I

)

ik Rt

i l~|lml*‘

7Kb | o

ATAC-seq
— Ezh2** — Ezh2oa

50

AN

-7Kb 7Kb

Bivalent
TSS

Ezh2** Ezh2&A
‘% E = 30

eI o

vl

7Kb | o
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centered at the TSS of the bivalent genes and normalized by CPMs. n = 3, BRs.
(B) Read profile (top) and heatmap (bottom) plots of H3K4me3 (n = 2, BRs) and ATAC-seq (n = 4 for wild type [WT], n = 3 for KO, BRs) experiments over bivalent
promoters in pluripotent hematopoietic stem cells. The plots are centered at the TSS of the bivalent genes and normalized by CPMs.

(C) Read profile plots of ATAC-seq experiments over promoters bound by EZH2 in mouse stem cells. The plots are centered at the TSS of the genes and

normalized by CPMs.
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DISCUSSION

Here, we comprehensively characterized the consequences
of EZH2 depletion on the activity of DNA replication origins
in mESCs. We used tamoxifen-inducible EZH2-SET domain-defi-
cient cells to address the involvement of the Polycomb complex
(and its associated H3K27me3 mark) in the activity of DNA replica-
tion origins. We identified DNA replication origins using the RNA-
primed nascent DNA analysis coupled with high-throughput
sequencing and revealed those affected by EZH2 KO induction.
In parallel, epigenetic marks (H3K27me3 and H3K27ac) as well
as transcription profiles were analyzed. Our data are consistent
with previous observations that loss of EZH2 function leads to
loss of the repressive mark H3K27me3 and a further genome-
wide spreading of the H3K27ac signal.

Our data showed that abrogation of EZH2 or its catalytic activ-
ity led to increased activity of DNA replication origins. Upregu-
lated DNA replication origins are preferentially associated with
repressed, EZH2-bound promoter regions. Despite a notable
loss of the H3K27me3 mark at these promoters, almost all
EZH2-bound promoters remain transcriptionally silent; thus, up-
regulation of origin activity was not linked to active transcription
at these promoters. Previous studies linked increased DNA repli-
cation activity to transcriptional activity.*® Interestingly, our re-
sults suggest that an increase in DNA replication activity can be
uncoupled from active mRNA transcription at repressed pro-
moters. This result is also in line with our observation that the
presence of a G-rich element at promoters is sufficient to confer
replication origin activity, independently of mRNA transcription”
and with the affinity of PRC2 complexes with G4 structures.®**°

We found a loose association of upregulated origins with the
regions that contain upregulated H3K27ac peaks, suggesting
that this activating mark on its own might not be the signal re-
cruiting DNA replication initiation activity at these sites. Taken
together, we link upregulated DNA replication activity in the
absence of EZH2 to lack of H3K27me3 deposition and not to
transcriptional de-repression or the unspecific spreading of the
activating H3K27ac mark.

In mESCs, almost all promoters that carry a H3K27me3 mark
are bivalent. Bivalent domains have a complex chromatin struc-
ture, and the H3K27me3 mark is not the only chromatin mark
present at these sites. In fact, re-analysis of similar EZH2 loss-
of-function data in multi-potent hematopoietic stem cell lines®
reveals that bivalent promoters have similar levels of H3K4me3
signal after loss of EZH2 but display increased chromatin acces-
sibility as assessed by ATAC-seq (Figure 4B). Interestingly,
despite transcriptional repression, PcG-repressed promoters
maintain a small amount of open chromatin, which is increased
upon loss of function of EZH2 (Figures 4B and 4C). In mouse em-
bryonic fibroblasts, loss of EZH2 also coincides with loss of a
nucleosome in the vicinity of the TSS at well-established poly-
comb target genes (Figure S4H). We previously reported that in
mESCs, a nucleosome-free region is present at the origin G-rich
element,” while nucleosomes are positioned on both sides. Posi-
tioned nucleosomes are also present at yeast and Drosophila
origins.®**” Open chromatin and loss or re-positioning of nucleo-
somes have previously been associated with DNA replication
initiation activity and may underlie high DNA replication initiation
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activity at PcG-repressed promoters. Upon loss of EZH2 func-
tion, EZH2-repressed promoters remain transcriptionally silent
but have increased chromatin accessibility (likely through nucle-
osome re-positioning). Our data are consistent with a model in
which the exposed DNA forms a “platform” for origin recognition
complex (ORC) binding at the EZH2 binding site, resulting in
increased DNA replication initiation on either side of this platform.

Limitations of the study

EZH2 is the catalytic subunit of PRC2, and it is known that the
absence of EZH2 does not inhibit the formation of the PRC2 com-
plex. Future studies are needed to discern if the PRC2 scaffold on
other subunits of PRC2 has an intrinsic ability to recruit DNA repli-
cation initiation (which goes unhindered in the absence of EZH2).
Due to the nature of next-generation sequencing (NGS), both
SNS-seq and ChIP-seq experiments are not fully quantifiable;
therefore, we likely underestimated the amount of increased DNA
replication initiation and loss of the H3K27me3 mark in EZH2~/~
cells. Finally, our study examined chromatin marks, accessibility,
and nucleosome positioning in EZH2~'~ cells; however, the impact
ofloss of function for EZH2 may include other aspects of chromatin
landscape, which impacts DNA replication initiation.
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Antibodies

mouse anti-BrdU
mouse anti-PCNA
mouse anti-Actin
rabbit anti-Oct4
mouse anti-Chk1
rabbit anti-pChk1
rabbit anti-Ezh2
rabbit anti-H3K27ac
rabbit anti-H3K27me3

secondary FITC-coupled donkey
anti-mouse igG

Becton Dickinson
Sigma-Aldrich
Sigma-Aldrich
Abcam

Santa-cruz

Cell signaling
Sigma-Aldrich
Abcam

Cell signaling
Jackson Laboratories

Cat# 347580; AB_10015219
Cat# P8825; AB_477413

Cat# A4700; AB_476730

Cat# ab19857; AB_445175

Cat# sc-8408; AB_627257

Cat# 2341

Cat# E6906; AB_1078770

Cat# ab4729; AB_2118291

Cat# C36B11

Cat# 715-096-151; AB_2340796

secondary anti-mouse igG HRP conjugated GE Healthcare Cat# NA931V
secondary anti-rabbit igG HRP conjugated GE Healthcare Cat# NA934V
Chemicals, peptides, and recombinant proteins

AMPure XP Reagent Beckman coulter AB3880
BioPrime™ Array CGH Genomic Invitrogen 18095011
Labeling System

5-bromo-2’'-deoxyuridine Sigma-Aldrich B5002

BSA Sigma-Aldrich A2153

Cytiva Amersham™ Hyperfilm™ MP GE Healthcare 10218674
DNA polymerase | (Klenow fragment) NEB M0210S
dNTP NEB N0446S
Pierce™ ECL Western Blotting- ThermoFisher Scientific 32106
Substrat

EDTA Sigma-Aldrich E9884

EGTA Millipore 324626
Ethanol Sigma-Aldrich 493511

Fetal bovine serum Biowest S1810
DynabeadsTM Protein G for Thermo Fisher 10004D
Immunoprecipitation

Glycerol Sigma-Aldrich G9012

HCI Sigma-Aldrich H1758
HEPES Sigma-Aldrich H3375
KO-DMEM Gibco-Thermo Fisher 10829018
lllustraTM CyScribe GFXTM purification kit GE Healthcare 28-9034-70
lllumina TruSeq Stranded mRNA Sample lllumina 20020594
Preparation Kit

Leukemia Inhibitory Factor (recombinant Isokine 01-A1140-0010
mouse LIF)

Milk Régilait FR 71.448.001 CE
N-lauroylsarcosine Sigma-Aldrich L9150
Na-Borate Sigma-Aldrich 202215

NaCl Sigma-Aldrich S7653
Non-essential amino acids (MVEM NEAA) Invitrogen 11140035
Nonidet™ P 40 Substitute Sigma-Aldrich 74385

(Continued on next page)
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Nylon filter (FACS analysis) (cell stainer) Falcon 352350

Gibco™ DPBS (1X) Gibco 14190144

PhusionTM High-Fidelity DNA Polymerase NEB M0530S

propidium iodide (PI) Sigma-Aldrich P4864

cOmpIeteTM, EDTA-free Protease Inhibitor Cocktail Roche 4693132001

Proteinase K Sigma-Aldrich P6556

QIAquick PCR purification columns Qiagen 28104

Random Primer 6 NEB S1230S

RNase A Sigma-Aldrich R6513

RNeasy Kit Qiagen 74104

SDS 20% Biosolve (Dutscher) 00198112323BS

Dodium deoxycholate Sigma-Aldrich D6750

Sodium pyruvate Gibco 11360070

Sucrose Sigma-Aldrich S0389

LightCycler® 480 SYBR Green | Master Roche 4887352001

T4 Polynucleotide Kinase NEB M0201S

Tamoxifen ((2)-4-Hydroxytamoxifen) Sigma-Aldrich H7904

Triton X-100 Sigma Aldrich X100

TruSeq ChIP Sample Prep Kit lllumina IP-202-1012

Trypsin-EDTA (0.05%), phenol red Gibco 25300096

A-Exonuclease (A-Exo) Thermo Fisher synthesis on request (50U/pl)
B-mercaptoethanol Thermo Fisher 31350010

DNAzol Thermo Fisher 10503027

Deposited data

H3K27me3 and H3K27ac ChIP-Seq, This paper GSE205756

RNA-Seq, SNS-Seq of Ezh2%/2 and

Ezh2*/* genotypes, mESC

EZH2 ChIP-Seq, E14 mESC Kaneko et al.* PMID: 24141703, GSE49431
EZH2 ChIP-Seq, 129Sv/J mESC Fang et al.>® PMID: 29932419, GSE94834
ATAC-Seq, LSK C57BL/G Guetal.*? PMID: 31189531, GSE132077
Bivalent domains (H3K27me3 and Liu et al.*® PMID: 34732703, GSE132078

H3K4me3 ChIP-Seq), LSK C57BL/6
Bivalent promoters (list), mESC various

Mantsoki et al.*’

PMID: 26582124

Experimental models: Cell lines

ES tamoxifen-inducible Ezh2A/A

Professor Amanda Fisher

PMID: 20569692

Oligonucleotides

Ezh2 3’ - CTGCTCTGAATGGCAACTCC
Ezh2 5’ - TTATTCATAGAGCCACCTGG
5loxP - ACGAAACAGCTCCAGATTCAGGG

Eurofins (custom synthesis)
Eurofins (custom synthesis)

Eurofins (custom synthesis)

N/A
N/A
N/A

Software and algorithms

SNS-seq Analysis Pipeline

Bcl2fastq (v2.17)

FastQC (v0.11.9)

Trimmomatic (v0.39)
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This study and Akerman et al.

(PMID: 32958757)
lllumina

Andrews™

Bolger et al.*°

https://doi.org/10.5281/zenodo.7655100

https://emea.support.illumina.com/sequencing/
sequencing_software/bcl2fastg-conversion-
software.html
https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/
http://www.usadellab.org/cms/
?page=trimmomatic
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bowtie2 (v2.3.5.1)

SAMtools (v1.10)
deepTools (v3.5.0)

STAR (v2.7.2b-GCC-8.3.0)
MACS2 (v2.2.1, v2.2.7.1)

SICER (v1.1)

BEDtools (v2.3029.02)
Diffbind (v3.9)

Kallisto (v0.48.0)
BiocManager

ggplot2 (v3.1.0)
Pheatmap (v1.0.12)

IGV (v2.10)
R (v4.1.0)
Python (v3.8.2)

Langmead and Salzberg*’

Li et al.*?

Ramirez et al.**
Doblin et al.**

Zhang et al.*®

Zang et al."®

Quinlan et al.*”

Stark and Brown*®

Bray et al.*®

R

Wickham®®
Kolde®'

Robinson et al.®?

R Core Team®®

Rossum,* Python
Software Foundation

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

http://www.htslib.org/
https://deeptools.readthedocs.io/en/develop/
https://github.com/alexdobin/STAR

https://github.com/macs3-project/ MACS/wiki/
Install-macs2

https://bioweb.pasteur.fr/packages/
pack@SICER@1.1

https://bedtools.readthedocs.io/en/latest/

https://bioconductor.org/packages/release/
bioc/html/DiffBind.html

https://github.com/pachterlab/kallisto

https://cran.r-project.org/web/packages/
BiocManager/vignettes/BiocManager.html

https://ggplot2.tidyverse.org/

https://cran.rproject.org/web/packages/
pheatmap/index.htmi

https://software.broadinstitute.org/software/igv/
https://www.r-project.org/
https://www.python.org/downloads/

Rstudio Rstudio Team http://www.rstudio.com/
BioRender.com BioRender https://biorender.com/
NucleoATAC Schep et al.”® https://nucleoatac.readthedocs.io/en/latest/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marcel
Mechali (marcel.mechali@igh.cnrs.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All raw data generated in this study is available on GEO data with accession GSE205756. All called peaks in this publication are
given in Table S1. Other publicly available data sources used in this study are given in Table S4.
o All original code has been deposited at Zenodo/Github and is publicly available as of the date of publication. DOIs are listed in
the key resources table.
@ Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture

The tamoxifen-inducible Ezh22/* mouse Embryonic Stem Cell (ESC) line was a gift from Amanda Fisher.?? Cells were cultured on
gelatin-coated dishes in KnockOut™ Dulbecco’s Modified Eagle’s Medium (KO-DMEM, #10829018, Invitrogen) containing 10%
fetal bovine serum (Biowest -S1810-Eurobio), 2 mM L-glutamine (25030-024- Invitrogen), 1% non-essential amino acids (MEM
NEAA-11140035-Invitrogen), 0.1 mM B-mercaptoethanol (31350010- Invitrogen), ImM Sodium Pyruvate and 1,000 U ml-1 recom-
binant Leukemia Inhibitory Factor (LIF, Eurobio).
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METHOD DETAILS

Excision of the EZH2 SET domain

For excision of the SET domain, cells were incubated with 100 nM Tamoxifen (Sigma Aldrich) for 48h and grown for next 48h in
cell culture medium without tamoxifen supplementation. The Ezh2-SET deletion of genomic locus was confirmed by a PCR
on gDNA using following primers Ezh2 3’ - CTGCTCTGAATGGCAACTCC, Ezh2 5’ - TTATTCATAGAGCCACCTGG, Ezh2 left
5loxP - ACGAAACAGCTCCAGATTCAGGG. PCR reactions contained genomic DNA template, 1 uM of each primer, 0.2 mM dNTPs,
1 x Reaction buffer, Phusion™ High-Fidelity DNA Polymerase and cycling conditions were set to (10" at 98°C, 15’ at 60°C, 15’ at
72°C) x35. In the absence of tamoxifen, the size of the PCR product was 450 bp in length and upon 48h tamoxifen treatment the
excised product size was 370 bp. The expression of a truncated version of EZH2 was additionally confirmed in western blot analysis
using antibodies against EZH2 (List of antibodies used in this study are provided in Table S3).

Growth curves for Ezh2*/* and Ezh22/2 cells

For the growth curve experiment, 240,000 Ezh2*"* mES were seeded per well in 6-well microtiter plates, in growth medium as pre-
viously described. Cells were treated with Tamoxifen (Ezh2%/%) or left untreated (Ezh2*/*, control) over the course of 2 days, and
tamoxifen was removed at day2. Time points were taken at day 2, 3 and 4 from the point of addition of tamoxifen (48, 72 and 96
hours). Experiments were performed in triplicate. At each timepoint, cells were trypsinized and counted using a Malassez chamber.

Flow cytometry analysis

For labelling, 5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich B5002) was added directly to the cell culture medium at 10 uM, and the
cells incubated at 37°C in 5% CO, for 15-20 min. Cells were dissociated by treatment with 0.05% trypsin-EDTA, resuspended in cell
medium, and centrifuged. Pelleted cells were washed once with PBS, then fixed with 70% ethanol, 30% PBS at -20C for at least
30 min. After being washed once with PBS, cells were treated with RNase A (Sigma-Aldrich R6513, 50 pug/ml in PBS) for
30-60 min. To denature genomic DNA, cells were incubated in 2N HCI at room temperature for 30 min. Cells were then centrifuged
and the pellet resuspended in 0.1 M Na Borate (pH 8.5) for 2-3 min to neutralise the acid. The cells were washed once with PBS/0.5%
NP-40, followed by incubation with mouse anti-BrdU antibody (Becton Dickinson #347580, 25 ng/ml, in PBS/0.5% NP-40/1% BSA)
at room temperature for 45 min-2 h. Cells were washed with PBS/0.5% NP-40, then incubated with FITC-coupled donkey anti-mouse
antibody (Jackson Laboratories, code 715-096-151, at 10 ug/ml in PBS/0.5% NP-40/1% BSA) in the dark at room temperature for
45 min-2 h. Cells were washed with PBS/0.5% NP-40 and incubated with Pl (Sigma-Aldrich P4864, 25 ug/ml in PBS) at room tem-
perature for 10 min. Cells were further purified of aggregates by passing them though a nylon filter (40 um pore size). The samples
were analysed by flow cytometry using a MACSQuant flow cytometer (Miltenyi Biotec Inc.) at the Montpellier Ressources Imagerie
platform (https://www.mri.cnrs.fr/en/). Flow cytometry data were analysed, visualised and quantified using FlowJo software (Becton
Dickinson).

RNA-primed short nascent strand (SNS) isolation and sequencing

SNSs were purified as previously described in detail.”'° Briefly, cells were lysed with DNAzol, then nascent strands (NS) were first
separated from genomic DNA based on sucrose gradient size fractionation n=3, biological replicates. Fractions corresponding to
0.5-2 kb were isolated and phosphorylated by T4 polynucleotide kinase and digested with two consecutive overnight rounds of
A-Exonuclease (A-Exo, Thermo Fisher, 100-150 units) to eliminate contaminating DNA. A third A-Exo digestion (100 units) was
performed for 2 h at 37°C. Three samples were purified from three independent cell cultures. The “RNaseA” controls were obtained
by treating NS-containing fractions with 50-100 ng/mL RNase A before A—Exo digestion to remove RNA primers at the 5’ ends of the
NSs. The quality of origin enrichment in each sample was determined by gPCR ampilification using the specific primers with the
LightCycler 480 SYBR Green Master mix, in a LightCycler 480 I, Roche. The NS enrichment was calculated as the ratio of the signal
scored at origin-specific and background regions. Single-stranded NS DNA and RNaseA treated control DNA was first purified using
an lllustraTM CyScribe GFXTM purification kit (GE Healthcare), then converted into double-stranded DNA by random priming using
DNA polymerase | (Klenow fragment) and the Array CGH kit (BioPrime). The lllumina TruSeq ChIP Sample Prep Kit was used for
preparation of sequencing libraries following manufacturer’s instructions. Samples were sequenced using the lllumina HiSeq
2500 (50 bp, single-end reads) at the Montpellier GenomiX (MGX) facility (https://www.mgx.cnrs.fr/).

RNA extraction and sequencing

Approximately 5 million mESCs from three independent cell cultures (n=3) each of Ezh2"™ and Ezh were collected for total RNA
extraction using the RNeasy Kit (Qiagen). Libraries were prepared using the lllumina TruSeq Stranded mRNA Sample Preparation Kit
and sequenced using an lllumina HiSeq 2500 apparatus at the Montpellier GenomiX facility (50 bp, single-end reads).

2A/A

Chromatin extraction and chromatin immunoprecipitation (ChIP) and sequencing

This was carried out according to the protocol referenced in.°® Briefly, samples (n=3, biological replicates) were crosslinked for 2 min
in 1% formaldehyde at room temperature, then quenched for 5 min at room temperature with 125 mM glycine. Chromatin extraction
was performed with approximately 1 x 107 ESCs from three independent cell cultures, harvested by centrifugation and washed twice
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in cold PBS. Pellets were resuspended by rotating in 1 ml of cold lysis Buffer A (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100) freshly supplemented with protease inhibitor cocktail. Lysate was centrifuged
at 2500 rpm for 5 min, and the resulting supernatant discarded. 1 ml cold lysis Buffer B (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, with protease inhibitors) was added to the pellet, which was rotated at room temperature for 10 min, then
centrifuged at 2500 rpm for 5 min, and the supernatant discarded. Extraction of chromatin was performed by adding 750 pl of Buffer
C (10 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, with
protease inhibitors) to the remaining pellets. Then, purified chromatin was sonicated in an ultrasonic bath (Diagenode, Bioruptor)
to generate DNA fragments of average length 200-500 bp. Insoluble material was pelleted and removed. Sonicated chromatin
was immunoprecipitated overnight with 1 pg antibody (Table S3) in a final volume of 500 ul ChIP buffer (20mM Tris-HCI pH8,
2mM EDTA, 150mM NaCl, 0,1% SDS, 1% Triton, with protease inhibitors). Immunocomplexes were recovered with 30 pl of
G-agarose beads (Dynabeads™ Protein G for Immunoprecipitation 10004D; Thermo Fisher Scientific) slurry incubated for 2 h at
4°C. Beads were washed as previously described and eluted in 100 ml of elution buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI
pH 8) for 25 min at 65°C after vigorous vertexing. DNA complexes were de-crosslinked at 65°C overnight, treated with proteinase
K and purified with QlIAquick PCR purification columns (Qiagen), according to the manufacturer’s instructions. Immunoprecipitated
DNA was analyzed using SYBR Green (ABI) in a real-time qPCR machine (LightCycler 480 I, Roche). The lllumina TruSeq ChIP
Sample Prep Kit was used for preparation of sequencing libraries. Samples were sequenced using the lllumina HiSeq 2500
(50 bp, single-end reads) at the Montpellier GenomiX facility.

Alignment and quality control of raw sequencing data

Fastq files were produced with a bcl2fastq version 2.17 from lllumina by the MGX facility. The quality of the produced reads (50 bp,
single-end) from each ChlIP-seq, SNS-seq and RNA-seq sample was assessed before and after trimming with FastQC (v0.11.9).
Trimming was performed with Trimmomatic’® (v0.39) (parameters 3:10:8:6 LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15 HEAD-
CROP:3 MINLEN:27). For ChIPip-seq and SNS-seq, the reads were then aligned to the mouse genome (GRCm38/mm10, UCSC,
Dec. 2011) using Bowtie2*" (v2.3.5.1), and the produced .sam files were converted to .bam and .bw files using SAMtools™
(v1.10) and deepTools*® (v. 3.5.0) (parameters —normalizeUsing CPM -binSize 10), respectively. For RNA-seq, the reads were aligned
to the mouse genome (mm10) using STAR®’ (v2.7.2b-GCC-8.3.0) (parameters —runMode alignReads —outFilterMultimapNmax 20
—outReadsUnmapped Fastx_failed —outSAMtype BAM SortedByCoordinate). All our samples had high alignment rates,
typically > 85%.

Peak calling

SNS-seq Peaks were called using two peak calling programs MACS2 (v2.2.1) and SICER (v1.1).%>°® MACS2 (additional parameters —
bw 500 -p 1e-5 -s 60 -m 10 30-gsize 2.7€9) was used to identify narrow peaks of replication initiation, the subsequent peak calling
using SICER (parameters: redundancy threshold = 1, window size (bp) = 200, fragment size = 150, effective genome fraction = 0.85,
gap size (bp) = 600 and FDR = 1e-3) permitted to identify broader zones of replication initiation. MACS2 narrow peaks intersecting
with SICER peaks (using Bedtools*’ intersect v2.30.0) were considered as sites of DNA replication initiation. ChlP-seq peaks
(H3K27me3, H3K27ac, EZH2 ) were called using MACS2 (v2.2.7.1) (default parameters plus —bw 500 -p 1e-5 -s 60 -m 10 30 —-gsize
2.3e9) in obedience accordance with the ENCODE standards (broad peaks for H3K27me3 and narrow for H3K27ac). The generated
MACS?2 peaks were merged with BEDtools*” (v2.3029.02) and intersected to obtain bed files of all peaks, wild-type peaks and knock-
out peaks (H3K27me3 and H3K27ac). EZH2 peaks were called using the common peaks between ref 24, 25 (consistent peaks) or
merged between the references (all peaks), coordinates given in Table S1 (mm10).

Quantification and differential peak activity (SNS-seq and ChIP-seq)

Quantification of the SNS/ChIP-seq signals was done using the R-package Diffbind®® (v3.9), using the peaks obtained previously and
the TMM minus normalization. The same package was used to define differential signal in SNS-seq (Diffbind v2.14.0) and ChIP-seq
samples (Diffbind (v3.9) in Ezh2** and Ezh2*/* cells using R Studio. Our scripts are available on github/iakerman/SNSseq.

Differential gene expression analysis

RNA-seq samples from Ezh2 */* and Ezh cells (n=3, biological replicates, BR)) were subjected to differential gene expression
analysis using DeSeqg2 (v.1.18.0in R v. 4.1.0) using default parameters but removing genes with less than 10 reads in at least 3 sam-
ples. TPMs were calculated using kallisto®® and its default gene annotations (ENSEMBL). Mouse gene names and coordinates
(EnsDb.Mmusculus.v79) were obtained using the biomaRt library BiocManager in R. Curated Refseq genes were downloaded
from UCSC Table browser and the kallisto/Patcher lab website.

2A/A

Overlap of genomic regions and control regions

BEDTools (v2.30.0) was used to sort the data (sort -V -k1,1 -k2,2n), merge the peaks (merge), produce shuffled controls (shuffle
-chrom), extend the peaks’ size (flank -I -r) and overlap (bedtools intersect -wa) the data. Control regions for upregulated origins
were produced using a custom R script that selected equally active (based on normalised Diffbind scores) origins from a list of un-
changed origins. Significance of overlap was calculated in R, using Chi-square test.
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Data visualization

Heatmap and box plots were generated using ggplot2°° (v3.1.0), pheatmap (v1.0.12) or deepTools in R (v4.1.0). Bar and pie charts
were generated in Microsoft Excel using data obtained with BEDTools, R, Diffbind. For read-pile up plots, matrixes were computed
and density profile plots and heatmaps were obtained using with deepTools*® (v3.5.0) and Python (v3.8.2). IGV®? (MIT, v2.10) was
used to visualize the sequencing data on mm10 genome regions.

Nucleosome positioning
Nucleosome positioning was calculated using NucleoATAC (v0.2.1)°° based on data from Gu et al.>? with default parameters
(nucleoatac run) centered at transcription start sites of genes bound by EZH2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in figure legends and method details section. All quantification and statistical analysis
was performed in R or using dedicated software (i.e. Diffbind, DeSeq2, listed in Key Resources). Chi-square test was performed on
the raw count numbers by testing if the the observed versus expected frequencies (of overlap) between two sample groups were the
same. Significance was determined at p < 0.05. n represents number of biological replicates (BR). Where appropriate, error bars
represent SEM.
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