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Mitotic bookmarking transcription factors (TFs) are thought
to mediate rapid and accurate post-mitotic gene reactivation.
However, the loss of individual bookmarking TFs often leads
to the deregulation of only a small proportion of their mitotic
targets, raising doubts on the significance and importance of
their bookmarking function. Here, we used targeted proteomics
of the mitotic bookmarking TF ESRRB, an orphan nuclear
receptor, to discover an unexpected redundancy among mem-
bers of the protein superfamily of nuclear receptors. Focus-
ing on the nuclear receptor NR5A2, which together with ES-
RRB is essential for mouse pluripotency, we demonstrate con-
joint bookmarking activity of both factors on promoters and en-
hancers of a large fraction of active genes, particularly the most
rapidly and strongly reactivated ones. Upon fast and simultane-
ous degradation of both factors during mitotic exit, hundreds of
mitotic targets of ESRRB/NR5A2, including key players of the
pluripotency network, display attenuated transcriptional reac-
tivation. We propose that redundancy in mitotic bookmarking
TFs, especially by nuclear receptors, confers robustness to the
reestablishment of gene regulatory networks after mitosis.
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Introduction

During mitosis many transcription factors (TFs) are inacti-
vated or evicted from the chromatin; however, some remain
active and bind to their targets!. While it is thought that
this phenomenon, known as mitotic bookmarking, enables
daughter cells to promptly resume transcription after mito-
sis2, its exact role and significance is unclear. Indeed, only
a small subset of bookmarked genes displays a clear, albeit
partial, dependence on their respective bookmarking factor
for proper reactivation®13. This has led to the hypothesis that
the effects of mitotic bookmarking TFs might be insignificant
and represent a mere consequence of other chromatin prop-
erties'3. However, an alternative hypothesis is that of mitotic
bookmarking redundancy: distinct TFs may independently
bookmark key genes important for cell identity such that the
loss of one would be largely inconsequential.

The nuclear receptor ESRRB, a mitotic bookmarking TF in

mouse Embryonic Stem (ES) cells10, represents an ideal

candidate to assess the notion of mitotic bookmarking re-
dundancy. Indeed, while ESRRB binds a third of its in-
terphase targets (around 10,000 regulatory regions)>!°, only
150 genes require ESRRB to be properly reactivated imme-
diately after mitosis®. Moreover, while ESRRB knock-out
ES cells are viable, the simultaneous loss of ESRRB and
another nuclear receptor, NRSA2, is incompatible with the
maintenance of pluripotency!®. This strong complementar-
ity between ESRRB and NR5A2 showcases the importance
of two functionally redundant nuclear receptors. In fact, a
high level of redundancy among TFs of the superfamily of
nuclear receptors might be expected since they are evolution-
arily and structurally related and share highly similar DNA
binding motifs!518. Moreover, several nuclear receptors have
been shown to coat mitotic chromosomes'®-25, even though
their engagement in site-specific interactions genome-wide
has only been analysed for ESRRB>!?. Together, these ob-
servations suggest that cohorts of nuclear receptors could
be involved in mitotic bookmarking processes to ensure the
proper post-mitotic reactivation of the pluripotency network.

To investigate mitotic bookmarking redundancy from the per-
spective of ESRRB, we first established that the most recur-
rent and prevalent proteins with which it associates on mi-
totic chromatin are nuclear receptors. Second, focusing on
NRS5A2 we showed that its retention on mitotic chromatin
is long-lived and characterised by site-specific interactions
at gene regulatory elements harbouring a specific variant of
the DNA binding motif of nuclear receptors. Third, we as-
sessed the functional consequence of dual ESRRB/NR5SA2
bookmarking using Auxin-inducible degrons: we found both
factors to be conjunctly required for efficiently jumpstarting
around 1000 genes after mitosis. These ESRRB/NR5A2-
responsive genes during the M-G1 transition are collectively
downregulated during differentiation, transiently induced in
pluripotent compartments of early embryos and enriched for
pluripotency regulators. We conclude that nuclear receptors
execute the key task of rapidly reinstating after mitosis the
gene regulatory networks supporting cell identity.
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Results

Mitotic association of ESRRB with nuclear receptors.
Previous work showed that ESRRB interacts with a large
number of chromatin-associated proteins, including chro-
matin remodellers, members of the basal transcriptional ap-
paratus, pluripotency TFs and other nuclear receptors*6-27.
We therefore aimed at identifying which proteins are asso-
ciated with ESRRB in interphase and in mitosis. To do
so, we applied ChIP-MS, a technique similar to ChIP-seq
but which uses mass spectrometry to identify the factors
crosslinked to the immunoprecipitated protein®®: in our case
ESRRB (Fig.S1A). Since we previously showed that fixation
with disuccinimidyl glutarate (DSG) and formaldehyde sig-
nificantly improves the detection of TF localisation to mi-
totic chromosomes!®, we performed three replicate assays in
such conditions together with negative IP controls (Table S1,
see Methods for details). However, we have also shown that
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Fig. 1. Nuclear receptors are maintained on mi-
totic chromatin with ESRRB. (A) Quantification of
peptide abundance for specific examples belonging
to different functional groups known to interact with
ESRRB in interphase. The number of identified ra-
zor peptides is shown; similar observations were
made with iBAQ and LFQ quantifications (Tables
S1 and S2). (B) The ESRRB-centred, chromatin-
associated proteome in interphase and mitotic cells,
organised by functional groups (NURD: NUcleo-
some Remodeling and Deacetylase Complex; TF:
Transcription Factors; SWI/SNF: SWiltch/Sucrose
Non-Fermentable nucleosome remodelling complex;
GTF: General Transcription Factors; CELL DIV: pro-
teins with known roles during mitosis; CHAP: pro-
teins with roles in chaperoning activity; NUCL REC:
NUCLear RECeptors and known associated factors;
REPL: REPLication machinery; PTF: Pluripotency

é STRING Transcription Factors; IMP EXP: proteins with roles
: i lear IMPort and EXPort; RNAbp: RNA binding
Interaction " "4°
10 Score proteins; CHR: proteins with known roles in CHRo-
20

matin regulation.

formaldehyde alone is enough to detect substantial numbers
of ESRRB mitotic binding sites. Therefore, we also per-
formed ChIP-MS after either DSG and formaldehyde or only
formaldehyde crosslinking and compared the results to the
respective inputs. In agreement with previous reports?6-27,
we found other pluripotency TFs and members of the Medi-
ator, NuRD and Swi/Snf complexes associated with ESRRB
in asynchronous cells (Fig.1A, Fig.S1B and Table S1). All
these proteins were, however, largely undetectable in mito-
sis. Indeed, a more comprehensive analysis (Fig.S1C) iden-
tified 105 proteins in asynchronous cells, belonging to differ-
ent functional groups (Fig.1B, Table S2). Of those proteins,
we found only 16 that were identified in mitosis, regardless
of the crosslinking strategy and strongly enriched as com-
pared to both the control IP and corresponding input (in red
in Fig.1B, Fig.S1C and Table S2). We also identified 21 ad-
ditional proteins that were enriched as compared to the con-
trol IP but not to the input, raising the possibility that these
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are highly expressed proteins in mitotic cells leading to some
level of unspecific detection (in pink in Fig.1B, Fig.S1C and
Table S2). Notably, none of the pluripotency TFs were iden-
tified in mitosis; in fact, the vast majority of proteins was
undetectable in mitosis for every functional group except for
one, nuclear receptors and related factors, which were almost
all found associated with ESRRB in both asynchronous and
mitotic cells (Fig.1A and red and pink coloured proteins in
Fig.1B). While the mitotic detection of selected proteins in
most functional groups is interesting, as it suggests a prim-
ing mechanism mediated by ESRRB to recruit other part-
ners after mitosis, the high occurrence of nuclear receptors
in mitotic cells is compelling, representing half of the most
confident mitotic hits (Fig.1B). The identified nuclear recep-
tors, with roles in ES cells?? are: ESRRB itself but also the
highly related ESRRA; NROBI1 (also known as DAX1), a nu-
clear receptor lacking a DNA-binding domain; NR5A?2 (also
known as LRH1), whose functional role together with ES-
RRB has been already demonstrated in ES cells; RXRB, a
retinoic acid receptor with established roles in pluripotency
and differentiation. In addition, other factors that were re-
ported as interacting with nuclear receptors are also associ-
ated with ESRRB in asynchronous and mitotic chromatin,
such as NSD13, TRIM243! and SNW132. Among this small
set of proteins, and given its major role in ES cells!*?7, we
focused on NR5A?2 for further analyses.

Long-lived chromatin retention of NRSA2 in mitosis.
TFs acting as mitotic bookmarking factors, such as ESRRB,
often coat mitotic chromosomes®, as reproduced here us-
ing an ESRRB-TdTomato fusion protein (Fig.2A). As ex-
pected from our ChIP-MS results (Fig.1), NRSA2-GFP fu-
sion proteins colocalised with ESRRB on mitotic chromo-
somes (Fig.2A). Moreover, the mitotic retention of these two
factors is mutually independent, as established using previ-
ously described KO cell lines!#: in ESRRB KO mitotic cells,
NRS5A?2 remains associated with the chromatin; conversely,
in NR5A2 KO cells ESRRB still coats the mitotic chromo-
somes (Fig.2B). These results are in accord with the large

binding independence of the two factors to their common
sites on DNA!4. Despite this seemingly similar behaviour,
ESRRB and NR5A?2 coating of the mitotic chromosomes also
displays notable differences: while the chromosomal coat-
ing by ESRRB is disrupted by formaldehyde crosslinking!®
as shown for many other TFs33, that of NR5A?2 is retained
(Fig.S2A). A potential explanation for this behaviour, al-
ready reported for CTCF!!, could be that the residence time
of NR5A2 on the chromatin is long, allowing formaldehyde
crosslinking31?. Accordingly, FRAP analyses performed in
parallel for ESRRB and NR5A?2 clearly show that while fluo-
rescence is rapidly recovered on bleached chromatin for ES-
RRB, in the case of NR5A2 the recovery is incomplete over
10 seconds (Fig.2C). Even after long times following pho-
tobleaching (up to 100s), NR5A2 signal does not recover
entirely, indicating that the association of this TF with the
chromatin is long-lived. This is particularly evident in in-
terphase, but holds true also in mitosis, where a seemingly
immobile fraction of around 25% characterises NR5A?2 coat-
ing of the mitotic chromosomes (Fig.2D). These results, in
sharp contrast to most if not all other bookmarking TFs anal-
ysed and more specifically to ESRRB (Fig.S2B), set apart
NR5A?2 as a TF that is stably associated with the chromatin
in interphase and in mitosis. Intrigued by this finding, we
asked whether the DNA Binding Domain (DBD) of NR5A2
was sufficient for such long-lived interactions by ectopically
expressing DBD-GFP fusion proteins. The recovery of fluo-
rescence for the NRSA2 DBD alone was faster in interphase
(Fig.S2C), matching the dynamics of the full protein in mi-
tosis. Addition of the C-terminal domain that contains the
Ligand Binding Domain (LBD), responsible for the interac-
tion of nuclear receptors with coactivators, considerably in-
creased the time of fluorescent recovery (Fig.S2C). In mito-
sis, we found that both the DBD alone and the DBD-LBD fu-
sion proteins efficiently coated the chromosomes (Fig.S2D).
Moreover, and in contrast to interphase, the dynamics of flu-
orescence recovery were found to be similar between the two
constructs although the DBD alone displayed increased sta-
bility (Fig.S2C). Therefore, we conclude that the DBD alone
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is sufficient to trigger relatively-long lived chromatin inter-
actions in mitosis, whereas in interphase the LBD, possibly
through the mediation of protein-protein interactions, confers
further stability to NRSA2 binding to the chromatin.

Mitotic bookmarking by NRSA2.
We next aimed at assessing whether NR5A2 engages in site-
specific interactions with its DNA targets, a defining prop-
erty of mitotic bookmarking factors!. To do this, we per-
formed ChIP-seq assays in asynchronous and highly pure
populations of mitotic ES cells. Exploration of the bind-
ing profiles throughout the genome confirmed the capac-
ity of NR5A2 to bind mitotic chromatin at specific sites
(Fig.3A), which can be described with four main binding
trends (Fig.3B and Table S3): regions that are bound by
both factors in interphase and in mitosis, thereafter dB (for
double bookmarked), regions that are bookmarked by either
ESRRB (eB) or NR5A2 (nB) and regions that are bound by
the two factors exclusively in asynchronous cells (thereafter
lost regions, L). Globally, ESRRB and NR5A2 binding lev-
els were higher at bookmarked regions, including in asyn-
chronous cells (Fig.S3A,B), in keeping with the idea that
mitotic bookmarking often takes place at regions of robust
binding. The behaviour of ESRRB and NR5A?2 is not, how-
ever, fully symmetric. Indeed, if at nB regions ESRRB is
bound in interphase but mostly lost in mitosis, at eB regions
NRS5A2 is not found in mitosis simply because this TF is not
efficiently recruited at these loci even in interphase (Fig.3B
and Fig.S3A,B). This observation, together with our previ-
ous finding that NR5A2 and ESRRB show a preference for
slightly different DNA motifs!4, prompted us to determine
whether distinct sequences are enriched over these 4 groups
of regions. For all groups, we found an overrepresentation of
the TCAAGGTCA sequence characteristic of Estrogen Re-
lated Receptors (Fig.3C), which contains the classical AG-
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bookmarked (dB, eB, nB) and lost (L) regions.

GTCA box typical of many nuclear receptors3*, extended

by a half-site. However, at regions bound by NR5SA2 in mi-
tosis (dB and nB), thymidine (T) was less prominent at the
seventh base, and as frequent there as cytosine (C). The oc-
currence of T or C at the seventh position in the motif was
already identified as favouring ESRRB versus NR5A?2 bind-
ing in asynchronous ES cells'*. Analysis of the presence of
the motif and more particularly of T/C variants across all re-
gions showed that the efficiency of mitotic bookmarking cor-
relates to the presence of this consensus, with loci containing
both T and C variants, or exclusively C, being strongly en-
riched at dB and nB regions (Fig.3D); in contrast, eB regions
were exclusively associated with motifs containing a T. As
expected, L regions showed the lowest occurrence of motifs,
which almost always contain a T. Moreover, we observed that
the type of motifs present in the regions (Fig.3E), as well as
their number per region (Fig.3F) and quality (Fig.3G), are
quantitatively associated with the binding levels of ESRRB
and NR5SA2, particularly in mitosis. Hence, the average motif
score of the regions clearly differentiates bookmarked versus
lost status (Fig.3H). Finally, we noted that the motif iden-
tified at dB and nB regions was longer, containing an extra
AGT at the 5’ end (Fig.3C). While we had already identi-
fied the presence of this longer motif in ESRRB bookmarked
regions®, this new analysis clearly associates it with book-
marking by NR5A2, with or without ESRRB. Accordingly,
the Jaspar database reports a motif highly similar to our long
variant as the NR5A2 motif (Fig.S3C). We conclude that the
presence of different versions of the ESRRB/NR5A?2 motif,
together with their degree of similarity to the consensus and
their number of occurrences per region, are direct determi-
nants of the behaviour of ESRRB and NR5A?2 in mitosis; in
interphase, though, ESRRB and NR5A2 can also be recruited
by other TFs, often excluded from mitotic chromatin (Fig.1).
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Chromatin states of ESRRB/NR5A2 binding regions.
We next separated ESRRB/NR5SA2 binding regions using
epigenomic signatures characteristic of active promoters,
active enhancers or enhancers lacking marks of activity,
and quantified pluripotency TF binding (OCT4, SOX2 and
NANOG:; Fig.4A). At enhancers, we observed that pluripo-
tency TFs were almost exclusively constrained to L regions
displaying poor ESRRB/NR5A?2 motifs (Fig.4A), indicating
that ESRRB and NR5A2 are likely indirectly recruited at
these regions. This subset was also characterised by slightly
more accessible chromatin and p300 recruitment (Fig.4A).
At active enhancers and promoters this trend was not ap-
parent (Fig.4A); instead, we found a small positive corre-
lation between marks of activity and mitotic bookmarking
status, with dB globally displaying higher levels of active
marks than eB/nB, which in turn showed more enrichment
than L regions (Fig.S4A). Moreover, although the effect was
rather modest, dB and eB regions also displayed a less pro-
nounced reduction in accessibility in mitosis compared to
asynchronous cells (Fig.S4A). We also observed that, pro-
portionally, active promoters display the highest frequency
of bookmarked regions (50% against 20-30% for other ele-
ments, Fig.4A and Fig.S4B). This is reflected by a 2 to 3-fold
enrichment of promoters within dB and eB regions, which
nevertheless remain in absolute terms less frequently bound
by these factors than enhancers (Fig.S4B). Overall, this anal-
ysis indicates that at enhancers losing ESRRB/NR5A2 in
mitosis, NANOG, OCT4 and SOX2 are likely key regu-
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Fig. 4. The chromatin status of ESRRB/NR5A2 binding regions. (A) Enrich-
ment levels of marks of activity (H3K4me3, H3K27ac, H3K4me1, DNase accessi-
bility, EP300, RNAP2) as established by Encode and characteristic of Enhancers
(Enh), Active Enhancers (Active Enh) or promoters (Prom), as well as of TF binding
(OCT4, SOX2 and NANOG) across all ESRRB/NR5A2 binding regions. On the left,
the attribution as dB, eB, nB and L is shown, on the right, the mean motif score
per region. (B) Average nucleosome positioning profiles across dB, eB, nB and L
regions in asynchronous (Asy) and mitotic (mit) cells. The dots represent raw data
and the lines a Gaussian Process Regression.
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lators triggering ESRRB/NRSA2 recruitment in interphase
and a modest enrichment for epigenomic features associated
with activity. In contrast, at active regulatory elements, ES-
RRB and NR5A?2 have a positive impact in pluripotency TF
binding and enrichment for active marks, particularly at re-
gions where ESRRB /NR5A2 engage in mitotic bookmark-
ing. Next, we turned to the analysis of nucleosome organ-
isation (Fig.4B), since we had previously shown that ES-
RRB and CTCF bookmarked regions maintain nucleosome
order in mitosis!®!1. In this regard, nB regions are partic-
ularly interesting as they were previously considered as lost
regions. Using previously published MNase-seq datasets!?,
we observed that at all bookmarked regions (dB, eB and nB),
the nucleosomes were ordered as nucleosomal arrays in both
interphase and mitosis (Fig.4B). Whilst the best phasing of
the nucleosomes and the more pronounced nucleosome de-
pleted region over the motif were observed at dB regions,
both eB and more significantly nB regions displayed substan-
tial maintenance of nucleosome organisation. In contrast, L
regions showed poor organisation and a clear central accumu-
lation of nucleosomes, specifically in mitosis, as previously
observed for regions losing TF binding during division!®11,
Therefore, the nucleosome organisation capacity of ESRRB
is also shared by NR5A2.

ESRRB/NR5A2 mark rapidly reactivated genes.
We next aimed at establishing whether ESRRB/NRS5A?2 bind-
ing, particularly during mitosis, is associated with post-
mitotic gene transcription dynamics. To simplify these anal-
yses, we focused on three binding groups: regions book-
marked by 2 factors (dB), regions bookmarked by a single
factor (B) and regions losing both factors in mitosis (L). We
considered a gene as a target when either a 2kb-long window
centred on its transcription start site (TSS) or an enhancer
to which it had been previously linked using 3D conforma-
tional data and epigenomic analyses® overlapped with ES-
RRB/NRS5A?2 binding regions. This association was more-
over hierarchical: when a gene promoter or enhancer was
overlapped by a dB region it was labelled as dB and the re-
maining genes were subsequently labelled, in order, as B, L
or unbound. This led to gene groups of similar size: dB,
3529; B, 2594; L, 2671; unbound 5163. Next, we plot-
ted the post-mitotic transcription dynamics of these 14,000
genes (Fig.5A) using highly temporally resolved data®, and
computed the proportion of genes in each dB/B/L/unbound
category for sliding windows of 1000 genes (step=10) dis-
playing continuously increasing reactivation intensities. We
observed that ESRRB/NRS5A?2 binding regions were progres-
sively enriched as genes reactivate faster and more strongly
(Fig.5B, left panel and Fig.S5A). Moreover, this progres-
sive increase of the enrichment was solely due to regions
bookmarked by both ESRRB and NR5A?2 (dB, Fig.5B, right
panel). This indicates that the combined mitotic bookmark-
ing by ESRRB and NR5A?2 may drive the efficiency of post-
mitotic gene transcription. To assess this more quantitatively,
we calculated the mean transcription profile of dB, B and L
genes and compared them to unbound genes: all 3 groups
of ESRRB/NR5A2-bound genes reactivated faster and more
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drastically than genes not bound by the two nuclear recep-
tors (Fig.5C, left panel). Moreover, dB genes were by far
the most efficiently reactivated genes, followed by B and
L genes, which displayed relatively similar kinetics. Split-
ting the associations by the type of regulatory element fur-
ther showed that genes bookmarked by ESRRB and NR5A2
reactivate more robustly than unbound genes, whether they
bind at promoters or at enhancers (Fig.S5B). However, only
promoters showed some level of increased reactivation when
bookmarked by a single nuclear receptor as compared to
lost or unbound promoters (Fig.S5B). Altogether, these ob-
servations support the notion that bookmarking factors pro-
mote gene reactivation in daughter cells, especially when two
TFs are involved. The effect of double mitotic bookmark-
ing by ESRRB and NR5A2 was moreover observed both for
genes that are and that are not targeted by other TFs such as
NANOG, OCT4 and SOX2 (Fig.5B, middle and right pan-
els). Having established that mitotic bookmarking by ES-
RRB and NR5AZ2 is associated with strong post-mitotic gene
reactivation, we aimed at providing functional evidence of
such correlation. For this, we tagged each of the alleles of Es-
rrb and Nr5a2 with the Auxin-induced degradation domain,
which we previously used to efficiently degrade CTCF in mi-
tosis and upon release into interphase®!!. Accordingly, treat-
ment with the auxin analogue 5-Ph-IAA (thereafter IAA) led
to an important reduction of both ESRRB and NR5A?2 protein
levels (Fig.S6A). Therefore, we proceeded to synchronise
the cells in mitosis with a two-step approach, first inhibit-
ing CDK1 to enrich the population in G2, and then inhibiting
microtubule dynamics to arrest cells in pro-metaphase. Dur-
ing the second step we added TAA to initiate ESRRB/NR5A2
degradation as the cells enter mitosis and kept it through-
out the release into the next interphase, as described®. We
collected multiple time-points after mitosis and prepared to-
tal ribodepleted RNA-seq libraries to quantify pre-mRNAs
as a proxy of transcriptional activity’? (Table S4). Contrary
to our expectations, we did not observe major differences in
the global reactivation dynamics of ESRRB/NR5A2-depleted
cells compared to their respective control (Fig.S6B-D).

ESRRB and NRSA2 activate genes associated with
pluripotency during the M-G1 transition.
While the global effects of the double depletion of ES-
RRB/NRSA2 are minor, further exploration of the dataset
enabled us to identify two PCA dimensions (PC5 and PC6)
describing clear differences between IAA-treated and control
cells, even if capturing a small proportion of the total vari-
ance (Fig.6A). Extraction of the genes contributing mostly
to PC5 and PC6 identified two groups that were either down
or upregulated upon [AA treatment (Fig.6B) and displayed
concordant regulation in independent datasets generated in
inducible ESRRB/NRSA2 double-KO ES cells' (Fig.S6E),
indicating that they represent bona-fidle ESRRB/NRS5SA2-
responsive genes. Notably, while downregulated genes re-
sponded throughout the whole time-course analysis, upreg-
ulated genes only responded at the latest stages, suggest-
ing that the primary effect of ESRRB/NR5A2 during the
M-G1 transition is to activate transcription. Gene ontology
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Fig. 5. Mitotic bookmarking by ESRRB and NR5A2 is associated with fast
post-mitotic gene reactivation. (A) Heatmap of post-mitotic transcription levels
ordered by increasing mean reactivation. (B) Percentage of genes bound by ES-
RRB/NR5A2 (left) and assigned to dB, B and L regions (right), for groups of 1000
genes sliding down the heatmap, with a step of 10 genes. (C) Average post-mitotic
reactivation dynamics of dB, B or L. On the left, all genes, on the middle and the
right those also bound, or not, by NANOG or OCT4 or SOX2 (NOS).

and gene set enrichment analyses showed that downregulated
genes were strongly enriched in members of the pluripo-
tency network, and to a lesser extent in metabolic pathways
(Fig.6C). Indeed, several pluripotency TFs were found down-
regulated after mitosis, albeit at variable levels, with some be-
ing more affected than others by ESRRB/NRS5SA2 depletion
(Fig.6D). Prompted by these results, we aimed at compre-
hensively identifying ESRRB/NRS5A?2 responsive genes af-
ter mitosis, by using direct statistical comparisons between
control and TAA treated cells, as well as by taking advan-
tage of previously identified targets!*. We found 1013 genes
that were downregulated after mitosis in the absence of ES-
RRB/NRSA2 and 941 that were upregulated, which dis-
played a similar behaviour (Fig.S6F) and functional associ-
ations (Table S5) to those observed in the more restricted
gene sets extracted from PCA analysis (Fig.6B,C). Impor-
tantly, we also found a strong association between the ES-
RRB/NRS5A2 binding status and the gene’s responsiveness to
ESRRB/NRS5A?2 depletion (Chi-squared p.value=5.84e-77),
with nearly 80% of downregulated genes being bound at
known regulatory elements (Fig.6E) and around 50% being
bookmarked by both ESRRB and NR5A2 (Fig.6E), which
represents a strong and significant association (Fig.6F). In
contrast, upregulated or non-responsive genes were partially
depleted of double bookmarked sites (Fig.6E,F). We con-
clude that the combined bookmarking activity of ESRRB and
NRS5A?2 at promoters and enhancers primarily fosters the ac-
tivation of around 1000 genes associated with pluripotency,
including important regulators such as Tfcp2l1, Tbx3, Nanog
or KIf5. Finally, we analysed the expression dynamics of ES-
RRB/NRS5A2 responsive genes after mitosis during embryoid
body differentiation’” and early mouse embryogenesis3$-°.
We found that genes activated by ESRRB/NR5A?2 after mi-
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Fig. 6. Mitotic bookmarking by ESRRB/NR5A2 promotes the reactivation of genes associated with pluripotency. (A) PCA analysis of post-mitotic gene transcription
dynamics of cells exiting mitosis in either the presence (-IAA) or absence (+IAA) of ESRRB/NR5A2. PC5 and PC6 capture ESRRB/NR5A2-dependent differences. (B)
Post-mitotic gene transcription dynamics of genes derived from the loadings of PC5/PC6 and displaying either a downregulation or an upregulation upon ESRRB/NR5A2
depletion. (C) Gene ontology analyses of the gene groups shown in (B). (D) Examples of post-mitotic gene reactivation dynamics for genes belonging to the pluripotency
network, in the presence (blue) or the absence (red) of ESRRB/NR5A2). (E) Percentage of genes associated with ESRRB/NR5A2 dB, B (eB+nB) or L regions, for extended
sets identified as downregulated, upregulated or not responsive. (F) Statistical analysis of the association of the sets shown in (E) with bookmarked regions (dB+eB+nB).
(G) Mean expression profile during Embryoid Body differentiation (left) or Early Mouse Embryogenesis (right) of genes downregulated or upregulated upon ESRRB/NR5A2
depletion during the M-G1 transition (Zyg: Zygote; e/m/I2C: early/mid/late 2 cell stage; 4/8/16C: 4/8/16 cell stage; MOR: Morula; ICM: Inner Cell Mass; EPI: Epiblast.

tosis are rapidly downregulated upon in-vitro differentiation
(Fig.6G left and Fig.S6G) and, conversely, transiently up-
regulated in the naive pluripotent compartments of the early
blastocyst (Fig.6G right and Fig.S6H). Conversely, genes re-
pressed by ESRRB/NRSA?2 after mitosis are globally upreg-
ulated during differentiation (Fig.6G left and Fig.S6G) and,
in-vivo, maternally inherited, cleared and then re-expressed
at ES.5 (Fig.6G right and Fig.S6H), when the dismantlement
of naive pluripotency starts. These observations provide fur-
ther support to the biological significance of the genes mitot-
ically bookmarked and activated by ESRRB/NR5A2 during
the M-Gl transition.

A. Chervova and A. Molliex etal. |
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Discussion

In this study we have identified a family of gene regulators,
nuclear receptors, as potentially common mitotic bookmark-
ing factors, and have focused on two, ESRRB and NR5A2,
to further characterise their binding throughout mitotic chro-
matin and their function in post-mitotic gene reactivation.
While these factors are structurally related and their binding
profiles highly similar, they can display different biophysical
behaviours. These two TFs also display subtle differences
in terms of the DNA binding motifs with which they pref-
erentially interact, which become particularly relevant in the
context of mitosis where the chromatin poses additional con-
straints for TF binding as compared to interphase. Notwith-
standing, they functionally work together to maintain ordered
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nucleosomal arrays in mitosis and promote gene reactivation
in daughter cells. Although globally their impact is not dras-
tic, indicating that additional mechanisms may contribute to
the fast reawakening of the genome, the two factors specifi-
cally promote transcription of a large subset of their mitotic
targets during the M-G1 transition. Crucially, these respon-
sive genes are strongly associated with fundamental regula-
tory processes supporting cell identity.

The pluripotency network is composed of a plethora of
TFs that promote self-renewal and preserve pluripotency.
This network is believed to be robust to the loss of sin-
gle factors, since only the individual depletion of OCT4 or
SOX2 leads to drastic differentiation*>*!. This is in part
due to TF redundancy, as computationally predicted*?> and
as shown for KLF2/KLF4/KLF5% or for ESRRB/NRSA214.
Nevertheless, self-renewal necessarily involves undergoing
mitosis, which represents an obstacle to the regulation me-
diated by most TFs!. Therefore, specific mechanisms may
have evolved to ensure the regulatory continuity through-
out cell generations and to prevent inappropriate escape from
pluripotency. Mitotic bookmarking by ESRRB and NR5A2
offers, in this regard, a suitable mechanism to facilitate the
reassembly of functional regulatory complexes after mitosis
and promote target gene reactivation. This scenario is sup-
ported by the fact that both ESRRB and NR5A2 are simul-
taneously required to properly recruit NANOG, OCT4 and
SOX2 at a large number of regulatory elements, notably en-
hancers!*, and by the identification of these factors, among
others, in the chromatin-associated and ESRRB-centred pro-
teome in interphase. Nevertheless, the consequences of the
loss of ESRRB/NRSA?2 during the M-G1 transition are, for
most genes, relatively modest, except for prominent exam-
ples such as Tfcp2ll, Thx3 or Nanog. This may be as-
cribed to several reasons. First, the global burst of tran-
scription taking place after mitosis**, which is particularly
strong in ES cells?, may be robust enough to be insensi-
tive to the loss of ESRRB/NR5SA2. Second, our analyses
may still be compromised by additional bookmarking fac-
tors cooperating with ESRRB/NRSA?2. Indeed, it is notewor-
thy that both the short motif identified at regions exclusively
bookmarked by ESRRB, as well as the long motif identi-
fied at NR5SA2-bookmarked regions, comprise the core nu-
clear receptor binding consensus and in particular match the
ESRRA and RXRB motifs reported by the Jaspar database,
respectively (Fig.S3C). Since both ESRRA and RXRB are
present in the mitotic ESRRB-proteome reported here, addi-
tional redundancy among nuclear receptors may further at-
tenuate the correlations and the level of changes observed
upon ESRRB/NRS5A2 depletion. Thus, it might be argued
that post-mitotic transcription is driven both by general and
yet to be characterised mechanisms responsible for the global
transcriptional burst, but also by cohorts of redundant mitotic
bookmarking activities that impart specificity to the kinetics
and amplitude of gene reactivation. Notably, the genes more
dramatically influenced by ESRRB/NR5A2 mitotic book-
marking include actors of particular importance for ES cell
identity, as also suggested by the specificity in their develop-
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mental pattern of expression. This might be a general char-
acteristic of the genes responding during M/G1 to the action
of cell type-specific mitotic bookmarking TFs, as supported
by the recurrent identification of cell identity genes within
repertoires of mitotic bookmarking targets3-S.

Redundancy by nuclear receptors may also be the rea-
son why genes losing ESRRB/NR5A2 binding in mitosis
still reactivate more efficiently than those that are not bound
at all. Alternatively, the inheritance of the fraction of ES-
RRB/NRSA?2 that is not chromatin-bound during division
may also be important to activate target genes rapidly in G1.
In accord with this view, the binding by TFs that do not act
as mitotic bookmarking factors in our cells, such as OCT4,
SOX2 and NANOG, is also associated with accelerated tran-
scription patterns after mitosis in comparison with unbound
genes. In this regard, the differential contribution of promoter
or enhancer-bound TFs in interphase and mitosis appears rel-
evant. Genes exclusively bound either at the promoter or at
cognate enhancers by ESRRB/NR5A?2 display distinct prop-
erties: those losing promoter binding by ESRRB/NR5A?2 in
mitosis do not reactivate faster than unbound genes, whereas
genes losing enhancer binding do. This suggests that promot-
ers may be subject to additional mechanisms fuelling their
post-mitotic activation, such as particularly well-preserved
accessibility*®, mitotic bookmarking by TBP® or by CTCF?,
or APC/C-driven regulations*®. Hence, in this permissive
context the additional contribution of ESRRB/NRS5A?2 might
have a minor impact. In contrast, enhancer activity, which
ultimately depends on the assembly of enhanceosomes con-
stituted by different TFs, may display higher sensitivity to
the order and the kinetics of rebinding. Hence, given the
role of ESRRB/NR5A?2 in enabling enhancer occupancy by
other pluripotency TFs in interphase! and the pioneering
activity shown for NR5A247, it is likely that both their mi-
totic bookmarking activity as well as their prompt binding
after mitosis may promote, together with other nuclear re-
ceptors, the perpetuation of a chromatin configuration that fa-
cilitates the fast reactivation of most pluripotency-associated
genes. Additional studies are now required to dissect the un-
derlying mechanisms, which likely involve the capacity of
ESRRB/NRS5A?2 to order nucleosomes or to retain specific
members of the protein complexes with which they cooper-
ate to control transcription in interphase, identified here by
proteomics. In this regard, the potential association of BRG1
(SMARCAA4) and CHD4, the catalytic subunits of two nu-
cleosome remodelling complexes important for ES cells*$49
may contribute to both the maintenance of nucleosome or-
ganisation and to promote the reassembly of full regulatory
complexes in interphase via protein-protein interactions. Fi-
nally, besides redundantly cooperating to reinstate enhancer
and promoter activity, ESRRB, NR5A?2 and possibly other
nuclear receptors, might directly take part in fundamental mi-
totic processes, as suggested by the association on mitotic
chromatin of ESRRB with proteins involved in the regulation
of mitosis. In this sense, nuclear receptors might emerge as
holistic regulators of the ability of cells to progress through
cell division.
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The observation that multiple nuclear receptors and asso-
ciated factors are likely engaged in mitotic bookmarking of
key regulatory elements of the ES cell genome suggests that
this super-family of regulators may have a constitutive role in
post-mitotic gene reactivation in other cell types. Indeed, sev-
eral nuclear receptors have been suggested to act as mitotic
bookmarking factors, mainly based on their capacity to coat
mitotic chromosomes'®?, including the Androgen Receptor,
the Estrogen Receptor Alpha, the Pregnane X Receptor, the
Vitamin D Receptor or the Hepatocyte Nuclear Factor 1 Beta.
Given the importance of these regulators in cell homeostasis
and in several pathological conditions, we believe that glob-
ally assessing the mitotic bookmarking role of the entire fam-
ily of nuclear receptor requires new attention. Showcasing
the potential clinical implications, it has been proposed that
mutations associated with pathological outcomes specifically
alter the chromosomal retention of these proteins?*>°. De-
spite this, a key question remains: what is the advantage of
having a large battery of nuclear receptors acting as mitotic
bookmarking factors? Since most of these receptors are ac-
tivated in a ligand-dependent manner, it is likely that mitotic
bookmarking may provide cells with a conditional memory
of gene activity that is directly connected to the cellular en-
vironment, in a manner much more flexible and amenable
to rapid regulatory changes than more canonical means of
epigenetic inheritance. Of course, ESRRB and NR5A2 are
orphan nuclear receptors, which do not depend on specific
ligands given that their LBDs constitutively reside in an ac-
tive configuration®"53. Yet, it is possible that the ancestral
proteins from which they derived during evolution had an
environmental-sensing functi0n54, including for their mitotic
bookmarking activity as supported by the agonist-dependent
mitotic retention of the Androgen Receptor??. Losing the de-
pendency to a ligand, while conserving a mitotic bookmark-
ing activity, may therefore be linked to the co-option of or-
phan receptors as constitutive regulators and developmental
determinants®. Studying the mitotic bookmarking capacity
of nuclear receptors, in light of their evolutionary history,
may thus inform on how the establishment of mechanisms
of gene expression memory transit from being driven by the
environment to become constitutively operational in specific
cell types or developmental stages.

Methods

Cell culture and mitotic preparations. ES cells —
El4Tg2a, EKOIiE™, EKOie-NrKO', FLAG-Nr5a24,
NRS5A2-GFP/ESRRB-mCherry'¥,  ESRRB/NR5A2-GFP
lines and ESRRB/NR5A2-IAA ESCs (see details below) —
were cultured on serum and LIF conditions as previously
described!!. Mitotic ES cells (>95% purity as assessed
by DAPI staining and microscopy), were obtained using a
double synchronisation method based on the CDK1 inhibitor
RO-3306 (10 uM; Sigma, SML0569), nocodazole (50ng/ml;
Sigma, M1404) and shake-off, as previously described®. For
post-mitosis analyses, cells were seeded in separate dishes
(one per time-point), purposely uncoated with gelatine, and
lysed in cold TRIzol (ThermoFisher, 15596026) 20, 30,
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40, 50, 60, 90 and 120 min after release from the mitotic
block?. ESRRB/NRSA2 depletion was achieved with 0.5
mM auxin (5-Ph-IAA BioAcademia, 30-003), added during
the 5h of nocodazole block and maintained during the whole
post-mitotic release. Asynchronous cells were treated in
parallel during Sh.

ES cell derivation. ESRRB/NR5A2-GFP cells were gen-
erated by stable transfection of a CAG-driven vector ex-
pressing C-terminal fusions of ESRRB or NR5A2 variants
to GFP (connected by a Glycine linker and linked to an
IRES-Puromycin resistance cassette) and selection of sin-
gle clones. NR5A2 variants included the full protein from
ENSEMBL transcript Nr5a2-205 (Uniprot Q1WLP7) and
two truncated version coding for the DNA binding domain
alone or for a fragment spanning the DNA binding do-
main and all the remaining C-terminal portion of the pro-
tein (aa: DEDLEE ... LHAKRA). For experiments shown
in Fig.2B, similar expression constructs were transiently
transfected by lipofection in EKOIE, or EKOie-NrKO cells.
ESRRB/NR5A2-AID cells were generated by CRISPR/Cas9,
first inserting a CAG-OsTir2-T2a-NeomycinR cassette at the
TIGRE locus (gRNA 3- ACTGCCATAACACCTAACTT-S),
then a LoxP-PuromycinR-LoxP-HA-AID-Gly5 cassette at
the start codon of Nr5a2 (ENSEMBL transcript Nr5a2-205;
gRNA 5- CCACTTTGGGCAGCATGACA -3), and finally a
LoxP-PuromycinR-LoxP-3xFLAG-Gly5 cassette at the start
codon of Esrrb (ENSEMBL transcript Esrrb-206; gRNA 5-
TGAACCGAATGTCGTCCGAC-3). After each round, sin-
gle colonies were expanded and cells homozygous for cor-
rectly targeted alleles identified by PCR on genomic DNA
and sequencing. In addition, after each insertion of the AID
degron the selection cassette was removed by Cre-mediated
recombination.

Proteomics. Asynchronous and mitotic cells were ob-
tained during successive experimental rounds, fixed with
DSG (2mM; Sigma, 80424-5mg) for 50min at RT followed
by 10min with formaldehyde (1%, Thermo, 28908), son-
icated as previously described!® and stored at -80°C until
300.10° cells for each were accumulated. Next, ESRRB and
control immunoprecipitations (IP) were performed in parallel
in triplicates using 50.10° cells per IP and a standard ChIP
procedure with anti-ESRRB (Perseus Proteomics, H6-705-
00) and control antibodies, except that after the last wash the
beads were resuspended in 2x LDS buffer/100mM DTT, in-
cubated for 35 min at 95°C while shaking and spun for 10
min at RT at maximum speed. Samples were stored at -
20°C until further processing. The eluates, after equilibrating
their temperature to RT, were alkylated by incubating with
5.5 mM chloroacetamide for 30 min in the dark and then
loaded onto 4-12% gradient SDS-PAGE gels. Proteins were
stained using the Colloidal Blue Staining Kit (Life Technolo-
gies). Due to DSG/FA crosslinking, the proteins appeared
as a smear upon SDS-PAGE electrophoresis; therefore, the
bands corresponding to heavy and light chains of the IP anti-
bodies were not cut out to avoid losing potentially relevant
proteins. All proteins were digested in-gel using trypsin.
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Peptides were extracted from gel and desalted on reversed
phase C18 StageTips. Peptide fractions were analyzed on
a quadrupole Orbitrap mass spectrometer (Q Exactive Plus,
Thermo Scientific) equipped with a UHPLC system (EASY-
nLC 1000, Thermo Scientific). Peptide samples were loaded
onto C18 reversed phase columns (15 cm length, 75 um inner
diameter, 1.9 pm bead size) and eluted with a linear gradient
from 8 to 40% acetonitrile containing 0.1% formic acid in
2-hours. The mass spectrometer was operated in data depen-
dent mode, automatically switching between MS and MS2
acquisition. Survey full scan MS spectra (m/z 300 — 1700)
were acquired in the Orbitrap. The 10 most intense ions were
sequentially isolated and fragmented by higher-energy C-trap
dissociation (HCD). An ion selection threshold of 5,000 was
used. Peptides with unassigned charge states, as well as with
charge states less than +2 were excluded from fragmentation.
Fragment spectra were acquired in the Orbitrap mass anal-
yser. Raw data files were analysed using MaxQuant (devel-
opment version 1.5.2.8)%. Parent ion and MS2 spectra were
searched against a database containing all mouse protein se-
quences obtained from the UniProtKB released in 2016 us-
ing Andromeda search engine®’. Spectra were searched with
a mass tolerance of 6 ppm in MS mode, 20 ppm in HCD
MS2 mode, strict trypsin specificity and allowing up to 3 mis-
cleavages. Cysteine carbamidomethylation was searched as
a fixed modification, whereas protein N-terminal acetylation
and methionine oxidation were searched as variable modi-
fications. The dataset was filtered based on posterior error
probability (PEP) to arrive at a false discovery rate of below
1% estimated using a target-decoy approach®. Table S1 re-
ports all the proteins identified by MS in triplicate control and
ESRRB IPs in asynchronous and mitotic cells, along with
quantifications, normalized intensities and additional met-
rics. Razor and unique peptides were used to compute a fold
enrichment and p-value between the ESRRB and control IP
in either asynchronous or mitotic cells using the DEseq pack-
age®. Proteins displaying a fold change above 5 and a p-
value below 0.05 in either asynchronous or mitotic cells were
selected for further analyses. This list was filtered based on
"Reverse’ hits, ’Contaminants’ and ’identified by site’ param-
eters. All detected immunoglobulins as well as other proteins
belonging to the top 1000 frequently identified proteins in
MS datasets (https://www.thegpm.org/lists/index.html) were
ignored. This led us to 105 proteins identified as associated
with ESRRB in either asynchronous or mitotic cells, avail-
able in Fig.S1 and in Table S2. Proteins displaying a p-value
below 0.05 were considered as positive mitotic hits. How-
ever, we further classified them as high or low confidence de-
pending on their general abundance in mitotic cells and their
identification after Formaldehyde-only fixation (FA). To do
this, we performed an additional round of MS using the mi-
totic replicate 2 for ESRRB IP together with its correspond-
ing input (DSG/FA fixed) as well as an IP/Input generated in
parallel after FA fixation. Proteins displaying higher Razor
and unique peptides in both the DSG/FA and FA IPs com-
pared to their respective inputs were considered of high con-
fidence (Table S2). These 105 hits were analysed using the
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String database®: first, all proteins were used as an input
to identify functionally related groups (subnetworks) based
on Ontology annotations; second, all possible functional and
biochemical interactions between each protein and the rest
was computed; third, subnetworks were connected using the
sum of all the interaction scores existing between all individ-
ual proteins of each group.

Imaging. For immunofluorescence, cells were plated on
IBIDI hitreat plates coated overnight with poly-L-ornithine
0.01% (Sigma, Cat P4957) at 4°C, washed and coated 2h
with 10pg/ml laminin (Millipore, Cat CC095). Fixation
and immunofluorescence was performed with either PFA or
DSG+PFA, as described!”, using 2 ug/ml mouse monoclonal
anti-flag for ESRRB (M2 Sigma, F3165) and 1ug/ml poly-
clonal rabbit anti-HA for NR5A2 (Abcam, ab9110) antibod-
ies. Images were acquired with a LSM900 Zeiss microscope
using a 64x oil-immersion objective. For live imaging and
FRAP analyses, ES cells expressing fluorescent protein fu-
sions were grown on IBIDI plates, incubated with 250 nM
Hoechst-33342 for 30 min before imaging and imaged at
37°C in a humidified atmosphere (7% CQO2). Images were
acquired with a 63x oil immersion objective on a Nikon Ti2E
equipped with a Yokagawa CSU W1 spinning disk module
and a Photometrics SCMOS Prime 95B camera. For FRAP,
fluorescence recovery was analysed every 0.3-1s (NR5A2)
and 50-100 ms (ESRRB) after photobleaching in Matlab as
described previously®®!® and the plots corrected to min=0
and max=1.

Identification of ESRRB/NR5A2 binding sites display-
ing distinct behaviors in mitosis. NR5A2 ChIP-seq was
performed using mitotic cells as previously described and in
parallel with already published datasets generated in asyn-
chronous cells!. Briefly, cells were crosslinked with DSG
(2mM; Sigma, 80424-5mg) for 50min at RT followed by
10min with formaldehyde (1%, Thermo, 28908). Cells
were then sonicated with a Bioruptor Pico (Diagenode) and
immunoprecipitated with anti-flag antibodies (M2 Sigma,
F3165). Precipitated DNA was used for library prepara-
tions!® and sequenced externally by Novogene Co Ltd. Reads
were aligned with Bowtie2%? to the mmI10 genome; only
those with a single discovered alignment were kept. Peaks
were called against relevant inputs for all mitotic samples us-
ing MACS2%3 and filtered to have (1) MACS2 FDR < 0.05
in all three replicates, (2) mean enrichment over the input >
2, (3) FDR of the enrichment over the input < 0.05, calcu-
lated with a previously described generalised linear model”.
The resulting mitotic NR5A2 peaks were combined with
previous collections of confident ESRRB/NRSA2 peaks!®14
and mitotic bookmarking calls for ESRRB!?. Finally, peaks
were annotated as dB/eB/nB/L. The compendium of ES-
RRB/NRS5A2 regions, their quantifications and mitotic book-
marking status are available as Table S3.

Identification of differentially expressed genes during
the M-G1 transition. RNA was extracted with 500 ul TRI-
zol (ThermoFisher, 15596026), treated with DNAse I (Qia-
gen) and used for the generation of Ribo-depleted, stranded
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and paired-end RNA-seq libraries, prepared and sequenced
by Novogene Co Ltd. Pre-mRNA levels were quantified ex-
actly as previously described® and those with more than 0.1
transcripts per million in at least one sample were kept for
further analyses. Differentially expressed genes were ob-
tained from two separate analyses. First, using previous lists
of ESRRB/NR5A2-responsive genes!*: we selected genes
with an FDR < 0.05 upon the double knock-out of the two
TFs, quantified their pre-mRNA levels across the datasets
generated here, and identified those displaying concordant
changes in plus/minus IAA during the M-G1 transition us-
ing k-means clustering. Second, using a direct comparative
strategy of each time-point analysed here and keeping those
with an FDR < 0.1 (DEseq2%%). A fully annotated table with
all genes considered, quantifications and differential expres-
sion parameters is provided in Table S4.

Bioinformatic analyses. Analyses were performed in R
(version 3.6.3). ChIP-seq quantifications were performed
with the bamsignals package with systematic correction to
the library sizes and counting the number of reads either
falling into peak coordinates (for boxplots) or covering each
base of a 2kb window centred on the middle of the peak (for
enrichment heatmaps and metaplots). Boxplots and meta-
plots were visualized with ggplot2 package® and heatmaps
with ComplexHeatmap package®®. To characterise the re-
gions as promoters (high H3K4me3), active enhancers (high
H3K27ac) or enhancers (high H3K4mel), available ES cell
data from the Encode consortium was used. All additional
histone modifications and DNase accessibility datasets were
downloaded from Encode. ATAC-seq as well as ChIP-seq for
NANOG, OCT4 and SOX2 were previously published!®67,
All quantifications are available in Table S3. To identify
the most prevalent DNA motif associated with distinct ES-
RRB/NRS5A2 binding regions, as well as their precise ge-
nomic coordinates, we used RSAT® with the command -
markov auto -disco oligos -nmotifs 1 -minol 6 -maxol 8 -
merge_lengths -2str -origin start -scan_markov 1. For each
motif, the presence of a T, a C or an A/G at the 7th posi-
tion of the Estrogen Related Receptor consensus was manu-
ally annotated. The information relative to the motifs can be
found in Table S3. Nucleosome positioning plots were gen-
erated considering midpoints of 140-200bp fragments from
published MNase-seq paired-end datasets!?, after correcting
the MNase-driven bias with a kmer approach and smooth-
ing the average profiles with a Gaussian Process Regression,
as described!®. When multiple motifs were available per re-
gion, only one was selected to centre nucleosome position-
ing plots on its 5’ end; the following prioritized criteria were
used: (1) best similarity score to the consensus, (2) closest
distance to the middle of the peak, (3) highest enrichment
for small MNase fragments (footprints <100bp). Genes were
associated to the different groups of ESRRB/NR5A?2 bind-
ing regions when either their promoter regions — defined as
2kb-long regions centred on the 5’ ends of known mRNA
isoforms) —, or putative enhancers — defined by their epige-
nomic status and 3D interaction contacts as independently
reported3® — overlapped with our set of ChIP-seq peaks. The

A. Chervova and A. Molliex etal. | Nuclear Receptors Redundancy and Mitotic Bookmarking

approach was hierarchical, favouring dB associations over
eB/nB and then L regions; genes lacking ESRRB/NR5A2
binding at these regions were qualified as unbound (Table
S4). The resulting groups of genes were used to plot average
reactivation trends and the proportion of dB/eB/nB/L genes
displaying increased reactivation dynamics. Principal com-
ponent analysis of the RNA-seq was run with the prcomp
function with centred data corresponding to log2(TPM) to
capture direct differences between IAA treatments. The
genes more prominently contributing to PC5/PC6 were iden-
tified with the boxplot.stats function applied to the ‘rotation’
output of prcomp. Gene ontology and gene set enrichment
analyses were performed using the enrichR package®, the
full set of statistically significant terms can be found in Ta-
ble S5. The relationships between ESRRB/NR5A2 bind-
ing at promoters/enhancers and gene responsiveness to ES-
RRB/NRS5A?2 depletion was assessed with a contingent ta-
ble and Chi-squared test followed by individual two-sided
Fisher’s exact tests for specific combinations of gene book-
marking and responsiveness.

Acknowledgements. The authors acknowledge Michel Cohen-
Tannoudji, Thomas Gregor, Germano Cecere, Ken McElreavy and
Shahragim Tajbakhsh for critical reading of the manuscript. The authors also
acknowledge the Biomics, Flow Cytometry, Photonic Biolmaging and Im-
age Analysis Hub platforms of Institut Pasteur. PN acknowledges the Institut
Pasteur, the CNRS, and Revive (Investissement d’ Avenir; ANR-10-LABX-
73) for recurrent funding and the Agence Nationale de la Recherche (ANR
20CE12002801 CHRODYNE), Ligue contre le Cancer (LNCC EL2018
NAVARRO) and the European Research Council (ERC-CoG-2017 BIND)

for financial support.

Author contributions. AC performed bioinformatic analyses with help
from DF. AM performed most of the experiments with the exception of
ChIP-seq and the derivation of cell lines (NF). HIB and PB performed pro-
teomics with samples gathered by AM with help from EH. TP established
the initial conditions for ESRRB IP for proteomics. FM provided help to
analyse FRAP data. AD and NG provided technical help. NF and PN con-
ceived the project and analysed the data. PN wrote the manuscript.

Declaration of interests. The authors declare no competing interests.

Supplementary information. Six supplementary figures accompany
this manuscript, they can be found at the end of this document. Four Sup-
plementary Tables are available online.

References

1. Festuccia, N., Gonzalez, 1., Owens, N., & Navarro, P. (2017). Mi-
totic bookmarking in development and stem cells. Development, 144(20),
3633-3645.

2. Zaidi, S. K., Young, D. W., Montecino, M. A., Lian, J. B., van Wijnen, A.
J., Stein, J. L., & Stein, G. S. (2010). Mitotic bookmarking of genes: a novel
dimension to epigenetic control. Nature reviews. Genetics, 11(8), 583-589.
3. Kadauke, S., Udugama, M. 1., Pawlicki, J. M., Achtman, J. C., Jain, D. P.,
Cheng, Y., Hardison, R. C., & Blobel, G. A. (2012). Tissue-specific mitotic
bookmarking by hematopoietic transcription factor GATA1. Cell, 150(4),
725-737.

bioRxiv | 11


https://doi.org/10.1101/2022.11.28.518105
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.28.518105; this version posted November 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

4. Caravaca, J. M., Donahue, G., Becker, J. S., He, X., Vinson, C., &
Zaret, K. S. (2013). Bookmarking by specific and nonspecific binding
of FoxAl pioneer factor to mitotic chromosomes. Genes & development,
27(3), 251-260.

5. Festuccia, N., Dubois, A., Vandormael-Pournin, S., Gallego Tejeda, E.,
Mouren, A., Bessonnard, S., Mueller, F., Proux, C., Cohen-Tannoudji, M.,
& Navarro, P. (2016). Mitotic binding of Esrrb marks key regulatory regions
of the pluripotency network. Nature cell biology, 18(11), 1139-1148.

6. Deluz, C., Friman, E. T., Strebinger, D., Benke, A., Raccaud, M., Calle-
gari, A., Leleu, M., Manley, S., & Suter, D. M. (2016). A role for mitotic
bookmarking of SOX2 in pluripotency and differentiation. Genes & devel-
opment, 30(22), 2538-2550.

7. Liu, Y., Pelham-Webb, B., Di Giammartino, D. C., Li, J., Kim, D., Kita,
K., Saiz, N., Garg, V., Doane, A., Giannakakou, P., Hadjantonakis, A. K.,
Elemento, O., & Apostolou, E. (2017). Widespread Mitotic Bookmarking
by Histone Marks and Transcription Factors in Pluripotent Stem Cells. Cell
reports, 19(7), 1283-1293.

8. Teves, S. S., An, L., Bhargava-Shah, A., Xie, L., Darzacq, X., & Tjian, R.
(2018). A stable mode of bookmarking by TBP recruits RNA polymerase 11
to mitotic chromosomes. eLife, 7, e35621.

9. Chervova, A., Festuccia, N., Altamirano-Pacheco, L., Dubois, A., &
Navarro, P. (2022). A gene subset requires CTCF bookmarking during the
fast post-mitotic reactivation of mouse ES cells. EMBO reports, e56075.
10. Festuccia, N., Owens, N., Papadopoulou, T., Gonzalez, 1., Tachtsidi,
A., Vandoermel-Pournin, S., Gallego, E., Gutierrez, N., Dubois, A., Cohen-
Tannoudji, M., & Navarro, P. (2019). Transcription factor activity and nu-
cleosome organization in mitosis. Genome research, 29(2), 250-260.

11. Owens, N., Papadopoulou, T., Festuccia, N., Tachtsidi, A., Gonzalez,
1., Dubois, A., Vandormael-Pournin, S., Nora, E. P., Bruneau, B. G., Cohen-
Tannoudji, M., & Navarro, P. (2019). CTCF confers local nucleosome re-
siliency after DNA replication and during mitosis. eLife, 8, e47898.

12. Zhao, R., Nakamura, T., Fu, Y., Lazar, Z., & Spector, D. L. (2011).
Gene bookmarking accelerates the kinetics of post-mitotic transcriptional
re-activation. Nature cell biology, 13(11), 1295-1304.

13. Behera, V., Stonestrom, A. J., Hamagami, N., Hsiung, C. C., Keller, C.
A., Giardine, B., Sidoli, S., Yuan, Z. F.,, Bhanu, N. V., Werner, M. T., Wang,
H., Garcia, B. A., Hardison, R. C., & Blobel, G. A. (2019). Interrogating
Histone Acetylation and BRD4 as Mitotic Bookmarks of Transcription. Cell
reports, 27(2), 400-415.e5.

14. Festuccia, N., Owens, N., Chervova, A., Dubois, A., & Navarro, P.
(2021). The combined action of Esrrb and NR5A?2 is essential for murine
naive pluripotency. Development, 148(17), dev199604.

15. Claessens, F., & Gewirth, D. T. (2004). DNA recognition by nuclear
receptors. Essays in biochemistry, 40, 59-72.

16. Weikum, E. R., Liu, X., & Ortlund, E. A. (2018). The nuclear receptor
superfamily: A structural perspective. Protein science : a publication of the
Protein Society, 27(11), 1876-1892.

17. Festuccia, N., Owens, N., & Navarro, P. (2018). Esrrb, an estrogen-
related receptor involved in early development, pluripotency, and reprogram-
ming. FEBS letters, 592(6), 852-877.

18. Scholtes, C., & Giguere, V. (2022). Transcriptional control of energy
metabolism by nuclear receptors. Nature reviews. Molecular cell biology,
23(11), 750-770.

19. Saradhi, M., Sengupta, A., Mukhopadhyay, G., & Tyagi, R. K. (2005).
Pregnane and Xenobiotic Receptor (PXR/SXR) resides predominantly in
the nuclear compartment of the interphase cell and associates with the
condensed chromosomes during mitosis. Biochimica et biophysica acta,
1746(2), 85-94.

20. Kumar, S., Chaturvedi, N. K., Kumar, S., & Tyagi, R. K. (2008).
Agonist-mediated docking of androgen receptor onto the mitotic chromatin
platform discriminates intrinsic mode of action of prostate cancer drugs.
Biochimica et biophysica acta, 1783(1), 59-73.

21. Verdeguer, F., Le Corre, S., Fischer, E., Callens, C., Garbay, S., Doyen,
A., Igarashi, P, Terzi, F., & Pontoglio, M. (2010). A mitotic transcriptional
switch in polycystic kidney disease. Nature medicine, 16(1), 106—-110.

22. Kumar, S., & Tyagi, R. K. (2012). Androgen receptor association with
mitotic chromatin - analysis with introduced deletions and disease-inflicting
mutations. The FEBS journal, 279(24), 4598-4614.

23. Rana, M., Dash, A. K., Ponnusamy, K., & Tyagi, R. K. (2018). Nu-
clear localization signal region in nuclear receptor PXR governs the receptor
association with mitotic chromatin. Chromosome research, 26(4), 255-276.

12 | bioRxiv

24. Kumar, S., Vijayan, R., Dash, A. K., Gourinath, S., & Tyagi, R. K.
(2021). Nuclear receptor SHP dampens transcription function and abrogates
mitotic chromatin association of PXR and ERa via intermolecular interac-
tions. Biochimica et biophysica acta, 1864(3), 194683.

25. Kashyap, J., & Tyagi, R. K. (2022). Mitotic genome bookmarking by nu-
clear receptor VDR advocates transmission of cellular transcriptional mem-
ory to progeny cells. Experimental cell research, 417(1), 113193.

26. van den Berg, D. L., Snoek, T., Mullin, N. P., Yates, A., Bezstarosti, K.,
Demmers, J., Chambers, 1., & Poot, R. A. (2010). An Oct4-centered protein
interaction network in embryonic stem cells. Cell stem cell, 6(4), 369-381.
27. Olivieri, D., Castelli, E., Kawamura, Y. K., Papasaikas, P., Lukonin,
I., Rittirsch, M., Hess, D., Smallwood, S. A., Stadler, M. B., Peters, A. H.
F. M., & Betschinger, J. (2021). Cooperation between HDAC3 and DAX1
mediates lineage restriction of embryonic stem cells. The EMBO journal,
40(12), e106818.

28. Engelen, E., Brandsma, J. H., Moen, M. J., Signorile, L., Dekkers, D. H.,
Demmers, J., Kockx, C. E., Ozgiir, Z., van IJcken, W. F,, van den Berg, D. L.,
& Poot, R. A. (2015). Proteins that bind regulatory regions identified by hi-
stone modification chromatin immunoprecipitations and mass spectrometry.
Nature communications, 6, 7155.

29. Wagner, R. T., & Cooney, A. J. (2013). Minireview: the diverse roles
of nuclear receptors in the regulation of embryonic stem cell pluripotency.
Molecular endocrinology, 27(6), 864—878.

30. Huang, N., vom Baur, E., Garnier, J. M., Lerouge, T., Vonesch, J. L.,
Lutz, Y., Chambon, P., & Losson, R. (1998). Two distinct nuclear receptor
interaction domains in NSD1, a novel SET protein that exhibits character-
istics of both corepressors and coactivators. The EMBO journal, 17(12),
3398-3412.

31. Le Douarin, B., You, J., Nielsen, A. L., Chambon, P., & Losson, R.
(1998). TIFlalpha: a possible link between KRAB zinc finger proteins and
nuclear receptors. The Journal of steroid biochemistry and molecular biol-
ogy, 65(1-6), 43-50.

32. Zhang, C., Baudino, T. A., Dowd, D. R., Tokumaru, H., Wang, W., &
MacDonald, P. N. (2001). Ternary complexes and cooperative interplay be-
tween NCoA-62/Ski-interacting protein and steroid receptor coactivators in
vitamin D receptor-mediated transcription. The Journal of biological chem-
istry, 276(44), 40614-40620.

33. Teves, S. S., An, L., Hansen, A. S., Xie, L., Darzacq, X., & Tjian, R.
(2016). A dynamic mode of mitotic bookmarking by transcription factors.
eLife, 5, e22280.

34. Giguere V. (1999). Orphan nuclear receptors: from gene to function.
Endocrine reviews, 20(5), 689-725.

35. Penvose, A., Keenan, J. L., Bray, D., Ramlall, V., & Siggers, T. (2019).
Comprehensive study of nuclear receptor DNA binding provides a revised
framework for understanding receptor specificity. Nature communications,
10(1), 2514.

36. Gonzdlez-Ramirez, M., Ballaré, C., Mugianesi, F., Beringer, M., San-
tanach, A., Blanco, E., & Di Croce, L. (2021). Differential contribution to
gene expression prediction of histone modifications at enhancers or promot-
ers. PLoS computational biology, 17(9), e1009368.

37. Dubois, A., Vincenti, L., Chervova, A., Greenberg, M. V. C.,
Vandormael-Pournin, S., Bourc’his, D., Cohen-Tannoudji, M., & Navarro,
P. (2022). H3KO tri-methylation at Nanog times differentiation commit-
ment and enables the acquisition of primitive endoderm fate. Development,
149(17), dev201074.

38. Boroviak, T., Loos, R., Lombard, P., Okahara, J., Behr, R., Sasaki,
E., Nichols, J., Smith, A., & Bertone, P. (2015). Lineage-Specific Profiling
Delineates the Emergence and Progression of Naive Pluripotency in Mam-
malian Embryogenesis. Developmental cell, 35(3), 366-382.

39. Deng, Q., Ramskold, D., Reinius, B., & Sandberg, R. (2014). Single-cell
RNA-seq reveals dynamic, random monoallelic gene expression in mam-
malian cells. Science, 343(6167), 193-196.

40. Niwa, H., Miyazaki, J., & Smith, A. G. (2000). Quantitative expres-
sion of Oct-3/4 defines differentiation, dedifferentiation or self-renewal of
ES cells. Nature genetics, 24(4), 372-376.

41. Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Taka-
hashi, K., Okochi, H., Okuda, A., Matoba, R., Sharov, A. A., Ko, M.
S., & Niwa, H. (2007). Pluripotency governed by Sox2 via regulation of
Oct3/4 expression in mouse embryonic stem cells. Nature cell biology, 9(6),
625-635.

42. Dunn, S. J., Martello, G., Yordanov, B., Emmott, S., & Smith, A. G.

A. Chervova and A. Molliex etal. | Nuclear Receptors Redundancy and Mitotic Bookmarking


https://doi.org/10.1101/2022.11.28.518105
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.28.518105; this version posted November 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(2014). Defining an essential transcription factor program for naive pluripo-
tency. Science, 344(6188), 1156-1160.

43. Yamane, M., Ohtsuka, S., Matsuura, K., Nakamura, A., & Niwa, H.
(2018). Overlapping functions of Kriippel-like factor family members: tar-
geting multiple transcription factors to maintain the naive pluripotency of
mouse embryonic stem cells. Development, 145(10), dev162404.

44. Hsiung, C. C., Bartman, C. R., Huang, P., Ginart, P., Stonestrom, A.
J., Keller, C. A., Face, C., Jahn, K. S., Evans, P., Sankaranarayanan, L.,
Giardine, B., Hardison, R. C., Raj, A., & Blobel, G. A. (2016). A hyperactive
transcriptional state marks genome reactivation at the mitosis-G1 transition.
Genes & development, 30(12), 1423-1439.

45. Hsiung, C. C., Morrissey, C. S., Udugama, M., Frank, C. L., Keller, C.
A., Baek, S., Giardine, B., Crawford, G. E., Sung, M. H., Hardison, R. C., &
Blobel, G. A. (2015). Genome accessibility is widely preserved and locally
modulated during mitosis. Genome research, 25(2), 213-225.

46. Oh, E., Mark, K. G., Mocciaro, A., Watson, E. R., Prabu, J. R., Cha, D.
D., Kampmann, M., Gamarra, N., Zhou, C. Y., & Rape, M. (2020). Gene
expression and cell identity controlled by anaphase-promoting complex. Na-
ture, 579(7797), 136-140.

47. Gassler, J., Kobayashi, W., Géspar, 1., Ruangroengkulrith, S., Mohana,n
A., Gémez Hernandez, L., Kravchenko, P., Kiimmecke, M., Lalic, A., Rifel,
N., Ashburn, R. J., Zaczek, M., Vallot, A., Cuenca Rico, L., Ladstitter, S., &
Tachibana, K. (2022). Zygotic genome activation by the totipotency pioneer
factor Nr5a2. Science, eabn7478, Advance online publication.

48. Kidder, B. L., Palmer, S., & Knott, J. G. (2009). SWI/SNF-Brgl regu-
lates self-renewal and occupies core pluripotency-related genes in embryonic
stem cells. Stem cells, 27(2), 317-328.

49. Zhao, H., Han, Z., Liu, X., Gu, J., Tang, F., Wei, G., & Jin, Y. (2017).
The chromatin remodeler Chd4 maintains embryonic stem cell identity by
controlling pluripotency- and differentiation-associated genes. The Journal
of biological chemistry, 292(20), 8507-8519.

50. Lerner, J., Bagattin, A., Verdeguer, F., Makinistoglu, M. P., Garbay, S.,
Felix, T., Heidet, L., & Pontoglio, M. (2016). Human mutations affect the
epigenetic/bookmarking function of HNF1B. Nucleic acids research, 44(17),
8097-8111.

51. Hong, H., Yang, L., & Stallcup, M. R. (1999). Hormone-independent
transcriptional activation and coactivator binding by novel orphan nuclear
receptor ERR3. The Journal of biological chemistry, 274(32), 22618-22626.
52. Sablin, E. P, Krylova, I. N., Fletterick, R. J., & Ingraham, H. A. (2003).
Structural basis for ligand-independent activation of the orphan nuclear re-
ceptor LRH-1. Molecular cell, 11(6), 1575-1585.

53. Greschik, H., Wurtz, J. M., Sanglier, S., Bourguet, W., van Dorsselaer,
A., Moras, D., & Renaud, J. P. (2002). Structural and functional evidence
for ligand-independent transcriptional activation by the estrogen-related re-
ceptor 3. Molecular cell, 9(2), 303-313.

54. Markov, G. V., & Laudet, V. (2011). Origin and evolution of the ligand-
binding ability of nuclear receptors. Molecular and cellular endocrinology,
334(1-2), 21-30.

55. Taubenheim, J., Kortmann, C., & Fraune, S. (2021). Function and Evolu-
tion of Nuclear Receptors in Environmental-Dependent Postembryonic De-
velopment. Frontiers in cell and developmental biology, 9, 653792.

56. Cox, J. & Mann, M. (2008). MaxQuant enables high peptide identifi-
cation rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nature Biotechnology, 26, 1367-1372.

57. Cox, J., Neuhauser, N., Michalski, A., Scheltema, R.A., Olsen, J.V &
Mann, M. (2011). Andromeda: A peptide search engine integrated into the
MaxQuant environment. Journal of Proteome Research, 10, 1794—1805.

58. Elias, J.E. & Gygi, S.P. (2007). Target-decoy search strategy for in-
creased confidence in large-scale protein identifications by mass spectrome-
try. Nature Methods, 4, 207-214.

59. Langley, S. R., & Mayr, M. (2015). Comparative analysis of statistical
methods used for detecting differential expression in label-free mass spec-
trometry proteomics. Journal of proteomics, 129, 83-92.

60. Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F.,
Hachilif, R., Gable, A. L., Fang, T., Doncheva, N. T., Pyysalo, S., Bork, P.,
Jensen, L. J., & von Mering, C. (2022). The STRING database in 2023:
protein-protein association networks and functional enrichment analyses for
any sequenced genome of interest. Nucleic acids research, gkac1000.

61. Mueller, F., Karpova, T. S., Mazza, D., & McNally, J. G. (2012). Moni-
toring dynamic binding of chromatin proteins in vivo by fluorescence recov-
ery after photobleaching. Methods in molecular biology, 833, 153-176.

A. Chervova and A. Molliex etal. | Nuclear Receptors Redundancy and Mitotic Bookmarking

62. Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment
with Bowtie 2. Nature methods, 9(4), 357-359.

63. Feng, J., Liu, T., Qin, B., Zhang, Y., & Liu, X. S. (2012). Identifying
ChIP-seq enrichment using MACS. Nature protocols, 7(9), 1728-1740.

64. Love, M. 1., Huber, W., & Anders, S. (2014). Moderated estimation
of fold change and dispersion for RNA-seq data with DESeq2. Genome
biology, 15(12), 550.

65. Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York.

66. Gu, Z., Eils, R., & Schlesner, M. (2016). Complex heatmaps reveal
patterns and correlations in multidimensional genomic data. Bioinformatics,
32(18), 2847-2849.

67. Heurtier, V., Owens, N., Gonzalez, 1., Mueller, E., Proux, C., Mornico,
D., Clerc, P., Dubois, A., & Navarro, P. (2019). The molecular logic of
Nanog-induced self-renewal in mouse embryonic stem cells. Nature com-
munications, 10(1), 1109.

68. Thomas-Chollier, M., Darbo, E., Herrmann, C., Defrance, M., Thieffry,
D., & van Helden, J. (2012). A complete workflow for the analysis of full-
size ChIP-seq (and similar) data sets using peak-motifs. Nature protocols,
7(8), 1551-1568.

69. Xie, Z., Bailey, A., Kuleshov, M. V., Clarke, D. J. B., Evangelista, J.
E., Jenkins, S. L., Lachmann, A., Wojciechowicz, M. L., Kropiwnicki, E.,
Jagodnik, K. M., Jeon, M., & Ma’ayan, A. (2021). Gene Set Knowledge
Discovery with Enrichr. Current protocols, 1(3), €90.

70. Vizcaino, J.A., Cote, R.G., Csordas, A., Dianes, J.A., Fabregat, A.,
Foster, J.M., Griss, J., Alpi, E., Birim, M., Contell, J., et al. (2013). The
PRoteomics IDEntifications (PRIDE) database and associated tools: status
in 2013. Nucleic Acids Research, 41, D1063-9.

bioRxiv | 13


https://doi.org/10.1101/2022.11.28.518105
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.28.518105; this version posted November 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Input 1P
2% 4% Asy Mit
o)

Asy

e =
O O

1 Mit
1 Asy
I Mit
#ESRRB

-4 ‘IgG

B Replicates Mean

Ctl

DSG+PFA :
PFA | Log2(FC)/input
m
)
w
o
S

| IIll | l- 1 lety| Log2(FC)

| B B | ,l [ | i III Il-1
\ \ HE B
® I TR T el e e TR T TR el 7| Pl
JH IRk
| | |
(@)
mogNNNNCS
SRl S0 RIe
=
ok “E TN

Asy hits

7 0 Bl
T 1%

=33

> >

WN

M

OGT PSPC1
PARP1 RAVER1
RBBP4 RBM45
RUVBL1 |RIF1
SMARCA4 NUP160
CHD4 NUP85
RBPJ TNPO3

Mit hits
Low confidence

0
ESRRA"|TRIP12

I-I ..ll 1.

Mit hits
High confidence

Tl h
0 Razor Peptides 30 0

w .
o
o

pard

%)
P
=
=

TRIM24

-n

(@}
-

he

Supplementary Information, Fig.S 1. Quantifications of all protein hits in interphase and in mitosis. (A) Representative immunoprecipitation (IP) of ESRRB from
DSG/FA-fixed chromatin. Asy: asynchronous cells; Mit: mitotic cells; Ctl: blank immunoprecipitation. (B) Quantifications (Razor peptides), fold changes and associated
p-values used to categorise the proteomic hits as exclusive of interphase (ASY hits) or also found in mitosis (Mit hits). Two categories of mitotic hits were made, based on the
fold-change of ESRRB IP versus the INPUT in mitosis (last parameters on the right of the heatmap). All the proteins belonging to each category are shown.
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Supplementary Information, Fig.S 2. NR5A2 long-lived chromatin interactions are driven by its DNA binding domain. (A) llustrative example of ESRRB/NR5A2
immunostaining upon formaldehyde or DSG and formaldehyde crosslinking, as indicated. (B) Quantification of comparative FRAP assays of ESRRB-GFP and NR5A2-GFP.
(C) Quantification of comparative FRAP assays of GFP fusions with the DNA binding domain of NR5A2 alone (DBD NR5A2) or with its C-terminal moiety containing the
ligand binding domain (DBC-Ct). (D) Representative live imaging of the DBD or the DBD-Ct fused to GFP.
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Supplementary Information, Fig.S 3. Comparison of ESRRB/NR5A2 binding levels and motifs matching the identified consensus. (A-B) Enrichment levels (Reads
per million) of ESRRB and NR5A2 across the four identified clusters (dB, eB, nB, L), represented as boxplots (A) or metaplots (B). (C) Known nuclear receptors motifs (Jaspar
database) matching the consensus sequence identified in the 4 binding clusters.
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Supplementary Information, Fig.S 4. Relationships between ESRRB/NR5A2 binding and other chromatin properties at distinct gene regulatory elements. (A)
Enrichment levels of the indicated factors across dB, eB, nB and L regions separated as promoters, active enhancers or enhancers. (B) Mosaic plots describing the relative
proportions of promoters, active enhancers and enhancers across dB, eB, nB and L regions (left) and vice-versa (right).
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Supplementary Information, Fig.S 5. Additional correlations between ESRRB/NR5A2 and post-mitotic gene transcription. (A) Comparison of the proportion of genes
identified as dB, eB, nB and L regions when the gene-region association is based on known enhancers and promoters (left, identical to Fig.5B) or when it is based on the
presence of a binding regions within 50kb of the promoter (right), as previously done®. (B) Post-mitotic gene transcription dynamics when the associations consider exclusively
promoters (Prom, left) or exclusively enhancers (Enh, right).
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Supplementary Information, Fig.S 6. Regulation of selected genes by ESRRB/NR5A2 during the M-G1 transition. (A) Western-blot analysis of ESRRB/NR5A2
depletion upon auxin treatment in interphase and in mitosis. (B) Reactivation heatmap presented as in Fig.5A but in control (left) or ESRRB/NR5A2-depleted cells (right). (C)
Global gene reactivation profile of all genes shown in (B) in presence (-IAA) or absence (+|AA) of ESRRB/NR5A2. (D) PCA analysis of post-mitotic transcription dynamics
in presence (-IAA) or absence (+IAA) of ESRRB/NRSA2. (E) Fold-change of expression levels upon ESRRB/NR5A2 knock-out in two different media (FCSL or 2iL14) for
the genes extracted from PC5/PC6 loadings as shown in Fig.6A, B. (F) Transcription dynamics of an extended list of genes regulated by ESRRB/NR5A2 during the M-G1
transition. (G) Expression profile of the two groups of genes shown in (F) during embryoid bodies differentiation, organised by timing of maximal expression, with the
identification of the groups they belong and their mitotic bookmarking status shown on the right). (H) Identical analysis to (G) but during early mouse embryogenesis.
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