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SUMMARY
During self-renewal, cell-type-defining features are drastically perturbed in mitosis and must be faithfully re-
established upon G1 entry, a process that remains largely elusive. Here, we characterized at a genome-wide
scale the dynamic transcriptional and architectural resetting of mouse pluripotent stem cells (PSCs) upon
mitotic exit. We captured distinct waves of transcriptional reactivation with rapid induction of stem cell genes
and transient activation of lineage-specific genes. Topological reorganization at different hierarchical levels
also occurred in an asynchronous manner and showed partial coordination with transcriptional resetting.
Globally, rapid transcriptional and architectural resetting associated with mitotic retention of H3K27 acety-
lation, supporting a bookmarking function. Indeed, mitotic depletion of H3K27ac impaired the early reactiva-
tion of bookmarked, stem-cell-associated genes. However, 3D chromatin reorganization remained largely
unaffected, suggesting that these processes are driven by distinct forces upon mitotic exit. This study un-
covers principles and mediators of PSC molecular resetting during self-renewal.
INTRODUCTION

Mitosis (MIT) is accompanied by global transcriptional silencing

(Gottesfeld and Forbes, 1997; Taylor, 1960), dissociation of

transcription factors (TFs) and cofactors from target genes

(Martı́nez-Balbás et al., 1995), and profound reorganization of

three-dimensional (3D) chromatin architecture (Earnshaw and

Laemmli, 1983; Marsden and Laemmli, 1979). Faithful propaga-

tion of cell identity relies on the proper reestablishment of cell

type-defining molecular features during mitotic exit and entry

to the next gap 1 (G1) phase. Therefore, MIT-to-G1 transition is

of critical importance for cell fate decisions (Boward et al.,

2016; Soufi and Dalton, 2016) and a unique timewindow to study

the principles of transcriptional and architectural resetting

(Pelham-Webb et al., 2020).

Work in cycling human and mouse cell lines has captured the

distinct folding states of mitotic and interphase chromosomes

(Gibcus et al., 2018; Liang et al., 2015b; Naumova et al., 2013;
1732 Molecular Cell 81, 1732–1748, April 15, 2021 ª 2021 Elsevier In
Ou et al., 2017) and uncovered key events for their dynamic reor-

ganization during mitotic exit (Abramo et al., 2019; Dileep et al.,

2015; Nagano et al., 2017; Pelham-Webb et al., 2020; Zhang

et al., 2019). Different studies have reported distinct waves of

transcriptional reactivation during mitotic release and a global,

transient spike in transcription during G1 entry (Hsiung et al.,

2016; Palozola et al., 2017). However, the interplay between

architectural resetting and transcriptional reactivation during

mitotic exit, the underlying mechanisms, and the potential signif-

icance for cell fate inheritance control remain unknown.

One proposedmechanism for faithful heritability of cell identity

is mitotic bookmarking (Michelotti et al., 1997), which refers to

the partial retention of features such as DNA and histone modi-

fications (Margueron and Reinberg, 2010; Zaidi et al., 2010),

epigenetic modulators (Blobel et al., 2009; Dey et al., 2009),

and DNA-binding TFs (Caravaca et al., 2013; Deluz et al.,

2016; Festuccia et al., 2016; Kadauke et al., 2012; Liu et al.,

2017b; Teves et al., 2016, 2018). Few of these features have
c.
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PRO-seq: Genome-wide changes in nascent transcription
in situ Hi-C: Global changes in 3D chromatin organization

4C-seq: Locus-specific conformational changes
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Figure 1. Mitotic arrest and release of

pluripotent stem cells into G1

(A) Strategy for collecting and profiling mouse

pluripotent stem cells (PSCs) in mitosis (MIT), early

G1 (EG1), late G1 (LG1), and untreated, asyn-

chronous cells (ASYN).

(B and C) FACS plots (B) and representative

immunofluorescence images (C) showing H3ser10

phosphorylation (H3ser10p), a mitosis-specific

histone mark, and DAPI in ASYN and MIT pop-

ulations.

(D) FACS histograms showing the percentage of

cells with DNA content of 2N (G1) and 4N (G2/M)

during a representative mitotic release time

course.

(E) FACS plots from a representative time course

with FUCCI2a cells indicating the percent of cells in

EG1 (Cdt1�, Gmn�), LG1 (Cdt1+, Gmn�), and S/

G2/M (Gmn+).

See also Figure S1.
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been tested for their functional role in the resetting and/or main-

tenance of cell identity. Recent work using advanced genomics,

proteomics, and imaging technologies has further expanded

the repertoire of mitotically retained features, including acetyla-

tion of histone tail residues such as H3K27ac (Behera et al.,

2019; Javasky et al., 2018; Kang et al., 2020; Liu et al., 2017a,

2017b), chromatin accessibility at promoters (Hsiung et al.,

2015; Teves et al., 2016), and low-level transcription (Liang

et al., 2015a; Liu et al., 2017a; Palozola et al., 2017). To what

extent mitotic retention of any of these features promotes rees-

tablishment of cell-type-specific gene expression and 3D chro-

matin landscape upon G1 entry remains largely unexplored

(Palozola et al., 2019; Pelham-Webb et al., 2020).

MIT-to-G1 transition is shown to be the critical time window for

pluripotent stem cells (PSCs) to decide either to self-renew in

culture or differentiate toward different lineages upon proper stim-

ulation (Coronado et al., 2013; Pauklin et al., 2016; Pauklin and

Vallier, 2013; Sela et al., 2012; Singh et al., 2015). Intriguingly, G1

phase isexceptionally short inPSCs (�3h)comparedwithsomatic

cells (Savatier et al., 2002), suggesting the presence of efficient

mechanisms of molecular resetting. Understanding how the
Molecu
PSC-defining features and functions

resume after MIT might allow us to better

harness their potential for biomedical ap-

plications (Evans, 2011; Tabar and Studer,

2014).

Here, we used precision nuclear run-on

sequencing (PRO-seq), in situ Hi-C, and

high-resolution 4C-seq to characterize

and integrate transcriptional and archi-

tectural changes during M-to-G1 transi-

tion in mouse PSCs. This approach

revealed distinct patterns of transcrip-

tional and topological resetting, their tem-

poral interconnections, and potential

underlying mechanisms. We also provide

experimental evidence for the role of
H3K27ac mitotic bookmarking in promoting faster transcrip-

tional, but not architectural, resetting, suggesting that the two

processes are partially uncoupled and/or driven by distinct

forces during mitotic exit.

RESULTS

Mitotic arrest and release of PSCs into G1
We characterized the molecular resetting of mouse PSCs after

cell division in a mitotic release time course (Figures 1A and

S1A). PSCs arrested in MIT by nocodazole treatment were iso-

lated by mitotic shake-off (Liu et al., 2017b). Mitotic purity was

verified by H3Ser10p staining (Hendzel et al., 1997) followed

by fluorescence-activated cell sorting (FACS) (Figure 1B) and

immunofluorescence (Figure 1C); cell preparations with <95%

purity were discarded. Mitotic cells were released in full medium

and collected at different time intervals for evaluation of DNA

content (Figure 1D) and cell cycle markers using the FUCCI2a

system (Figure 1E; Mort et al., 2014). Consistent with prior

studies (Coronado et al., 2013), 1 h after release, the majority

of PSCs entered G1 (55%–70%2N population), while 2–3 h later,
lar Cell 81, 1732–1748, April 15, 2021 1733
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S phase began (Figures S1B and S1C). Therefore, we chose 1

and 3 h post-release to enrich for early G1 (EG1) and late G1

(LG1), respectively. Asynchronous (ASYN) PSCs (>70% in S/

G2 phase) were analyzed to represent a later stage of resetting

(Figure 1E).

Distinct waves of gene and enhancer reactivation during
mitotic exit
To capture transcriptional resetting, we applied a slightly modi-

fied version of PRO-seq more suitable for mitotic cells (Figures

S1D and S1E), including spike-in controls to account for global

transcriptional changes (Table S1; see STAR Methods). We

found a high correlation between biological replicates and a clear

separation of mitotic samples from the rest (Figure S2A). As ex-

pected (Gottesfeld and Forbes, 1997; Konrad, 1963; Taylor,

1960), global transcription was dramatically decreased during

mitosis, but some genes (n = 4,008) showed residual expression

(normalized reads per kilobase of transcript per million mapped

reads [RPKM] > 1) (Figure 2A), in agreement with recent studies

(Liang et al., 2015a; Liu et al., 2017a; Palozola et al., 2017).

Globally, transcription was rapidly reset by EG1 (Figure 2A)

when median expression levels were highest (Figure 2B), but re-

activation kinetics was variable among genes.We therefore clus-

tered genes into different groups on the basis of when they

reached their maximal expression level: EG1 (early), LG1 (mid-

dle), or ASYN (late) (Figures 2C and 2D; Table S1). We also iden-

tified a group of genes (n = 1,790) that were transiently expressed

in EG1 and/or LG1 but decreased to low levels (normalized

RPKM < 2) in ASYN (transient). Reactivation patterns of

randomly selected genes were validated using qRT-PCR anal-

ysis of pre-mRNA transcripts in an independent release time

course and in sorted cells (Figures S2B and S2C). With the

exception of transient genes, which showed much lower overall

expression in asynchronous cells (Figures 2C and S2D), median

transcriptional levels were similar across gene clusters. By plot-

ting median gene lengths per cluster, we ruled out that faster or

slower reactivation kinetics reflect a bias for shorter or longer

genes (Figure S2E). Thus, gene reactivation during mitotic exit

in PSCs is an asynchronous process independent of absolute

transcriptional levels or rate of RNA polymerase elongation.

To track the transcriptional reactivation of enhancers, we

generated a genome-wide atlas of transcriptional regulatory ele-

ments (TREs) (Danko et al., 2015), excluding TREs within 1 kb of

the transcription start site (TSS) or gene body of protein-coding

and non-coding genes (Figure 2E). The resulting 20,787 high-

confidence enhancer TREs (eTREs) showed overall a slower

reactivation (Figure 2F) compared with genes (Figure 2B), sug-

gesting potentially different requirements or mechanisms of

resetting. Nevertheless, we could still identify eTREs that fol-

lowed early, middle, late, or transient reactivation kinetics similar

to those observed in genes (Figures 2G and S2F; Table S1).

Stem cell genes and enhancers are rapidly reactivated
upon mitotic exit
To gain insight into the biological relevance of the observed reac-

tivation kinetics, we performed Gene Ontology (GO) analysis

(McLean et al., 2010). Metabolic and signal transduction pro-

cesses were enriched in the middle gene cluster, while the late
1734 Molecular Cell 81, 1732–1748, April 15, 2021
gene group preferentially included genes involved in chromo-

some segregation and cell division, such as Cdca2 and Aurka

(Figures 3A and 3B). Middle and late eTREs associated

with similar functions (Figure S3A). General ‘‘housekeeping’’

processes such as transcription, RNA splicing, and protein

transport were associated mostly with the early gene group

(Figure 3A). Notably, only the early gene group enriched for

terms associated with stem cell maintenance (Figure 3A)

and showed significant overrepresentation (p = 2.79E-15,

Fisher’s exact test) within a published embryonic stem cell

(ESC)/induced pluripotent stem cell (iPSC) gene expression

signature (Papadimitriou et al., 2016; Figure 3C). Early reacti-

vated eTREs also enriched for stem cell regulation categories

(Figure S3A) and showed overrepresentation (p = 2.33E-5,

Fisher’s exact test) of previously defined PSC super-enhancers

(SEs) (Whyte et al., 2013; Figure S3B), which were reactivated

at significantly faster rate and higher levels compared with all

other eTREs (Figure 3D).

Intriguingly, transiently activated genes and eTREs enriched

for developmental and differentiation processes and included

lineage-specific regulators such as Gata6, Cdx2, and Pax6

(Figures 3A, 3B, and S3A). In contrast with the other three

gene clusters, promoters of transient genes were not occupied

by pluripotency TFs or transcriptional coactivators but instead

bound by polycomb repressive complex 1 and 2 (PRC1/2) com-

ponents (EZH2, SUZ12, JARID2, and RING1B) (Figure S3C).

About 20% of transient genes were previously identified as

high-confidence bivalent genes (Asenjo et al., 2020), supporting

the notion that they are in a repressed or poised transcrip-

tional state.

Enhancer reactivation patterns mirror the kinetics of
target genes
In order to examine the relative reactivation kinetics of enhancers

and their target genes, we assigned eTREs to their most proximal

gene on the basis of linear distance (<20 kb) (Figure S3D) and to

one ormore distal target genes (>20 kb) (Figure S3E) on the basis

of long-range chromatin contacts previously detected by

H3K27ac HiChIP (Di Giammartino et al., 2019). Both approaches

showed matched kinetics of eTREs and target genes at fre-

quencies significantly higher than expected (Figures S3D and

S3E), suggesting a coordinated process. However, the fast acti-

vation of many early genes could not be explained by any prox-

imal or looped early eTRE, raising the possibility that resetting of

these genesmay be promoter driven and enhancer independent.

Mitotic bookmarking predicts rapid transcriptional
reactivation
As chromatin state and TF binding in ASYN cells could not

adequately explain the distinct transcriptional reactivation ki-

netics (see Figure S3C), we turned our attention to the mitotic

state. We performed assay for transposase-accessible chro-

matin using sequencing (ATAC-seq) in ASYN and MIT cells and

used published chromatin immunoprecipitation sequencing

(ChIP-seq) datasets for putative mitotic bookmarks in PSCs

(Figure 3E). For each feature, we defined peaks as ‘‘retained’’

(present in both MIT and ASYN cells) or ‘‘lost’’ (present only

in ASYN cells) (Figure 3F; see also STAR Methods) and then
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Figure 2. Distinct waves of gene and enhancer reactivation during mitotic exit

(A) Number of genes expressed at each time point (RPKM > 1 after normalization to Drosophila spike-in control and number of cells).

(B) Median expression at each time point of all expressed genes. Error bars show ±SEM of two biological replicates.

(C) Genes were assigned to a group on the basis of when they reached their maximal expression level (EG1, early; LG1, middle; ASYN, late). Transient genes were

defined as normalized RPKM < 2 in ASYN but >2 in EG1 and/or LG1. Boxplots depict the median transcriptional activity across the time course; number of genes

per cluster listed below.

(D) Genome Browser tracks of PRO-seq data (plus and minus strands) for one gene from each reactivation group. Gray box approximates the region used to

quantify genic PRO-seq signal.

(E) Strategy for identifying enhancer transcriptional regulatory elements (eTREs) using PRO-seq and published TSS data. Total TREs were defined using dREG.

(F) Median expression at each time point of all 20,787 identified eTREs. Error bars show ±SEM of two biological replicates.

(G) Patterns of eTRE transcriptional reactivation kinetics, defined as in (C). Boxplots depict the median transcriptional activity across the time course.

See also Figures S1 and S2 and Tables S1 and S6.
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Figure 3. Bookmarked stem cell genes and enhancers are rapidly reactivated upon mitotic exit

(A) Heatmap indicates the enrichment (�log10[p]) of selected top Gene Ontology (GO) terms in each gene reactivation cluster. Adjusted (Benjamini) p < 0.01was

used as a cut-off. Non-significant terms are shown in gray.

(B) Example genes in each reactivation group corresponding to top GO terms.

(C) Pie charts show the distribution of all 14,861 expressed genes (‘‘all genes’’) versus 478 genes defined in an ESC/iPSC signature (Papadimitriou et al., 2016)

(‘‘pluripotent stem cell signature’’) within the reactivation clusters.

(D) Transcriptional reactivation of eTREs that overlapwith defined PSCSEs (n = 255 eTREs) (Whyte et al., 2013) comparedwith all other eTREs (n = 20,532 eTREs).

Error bars show upper and lower limit of the 95% confidence interval. Asterisks indicate significance (***p < 0.0001) for SEs versus other eTREs (two-sided

Wilcoxon rank-sum test).

(legend continued on next page)
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examined their enrichment around gene promoters and eTREs

(±2.5 kb). This analysis showed that promoters of early-reacti-

vated genes had a significantly higher likelihood to retain

H3K27ac, chromatin accessibility, and TBP binding compared

with all other gene groups (Figure 3G; Table S2). In agreement,

more than 85% of early gene promoters overlapped with at least

one retained peak from H3K27ac, ATAC-seq, or TBP, and many

(45%) retained all three features (Figure 3H), suggesting an addi-

tive effect of bookmarking. Faster reactivation of eTREs also

associated with mitotic retention of features such as H3K27ac

and chromatin accessibility (Figure S3F; Table S2). These find-

ings establish a strong association between rapid transcriptional

reactivation andmitotic retention of only few of the previously re-

ported bookmarks.

Chromosomal compartments and domain boundaries
are established in EG1 in coordination with
transcriptional reactivation
In parallel with the transcriptional changes duringmitotic exit, we

also characterized the dynamics of 3D chromatin reorganization

with the goal to understand their temporal interconnections upon

resetting of PSC identity. Principal-component analysis (PCA)

confirmed consistency between in situ Hi-C replicates and

indicated gradual changes in the course of mitotic release

(Figure S4A). Consistent with previous studies (Abramo et al.,

2019; Gibcus et al., 2018; Nagano et al., 2017; Naumova et al.,

2013; Zhang et al., 2019), chromatin architecture was dramati-

cally altered in mitosis (Figure S4B), with an almost complete

loss of compartments, topologically associating domains

(TADs), and long-range interactions (Figure 4).

The majority (�85%) of A and B compartments (Lieberman-

Aiden et al., 2009; Figure S4C) were reestablished by EG1,

though they continued to segregate and gain strength at later

time points (Figures 4A and 4B) as previously reported (Abramo

et al., 2019; Kang et al., 2020; Nagano et al., 2017; Zhang et al.,

2019). Almost all expressed genes were located within A com-

partments (defined as open, gene-rich, and active regions),

with the exception of 462 transient genes within B compart-

ments (Figure S4D). Although absolute compartmentalization

scores were similar between early, middle, and late reactivated

genes in asynchronous cells (Figure S4E), compartments that

harbored early reactivated genes (and eTREs) reached their

final compartmentalization strengths at a significantly faster

rate (Figures 4C and S4F). These findings show that the recov-

ery rate of chromosomal compartments correlates with the ki-

netics of transcriptional resetting.

TADs were also disrupted in mitosis and largely reset by EG1

(Figures 4D and 4E), in agreement with previous reports (Abramo
(E) Schematic depicting the various proteins and histone modifications that have b

seq both in mitotic and asynchronous cells.

(F) Schematic showing how we categorized published ChIP-seq peaks as retain

(G) Relative enrichment or depletion of the retained/lost peaks for each bookmark

Color indicates ratio of observed (Obs) versus expected (Exp) frequency, and

Comparisons using <100 overlapping peaks are denoted with a hash mark (#).

(H) Stacked bar plot showing the percentage of genes in each transcriptional

(H3K27ac, TBP, ATAC-seq).

See also Figure S3 and Tables S2 and S6.
et al., 2019; Nagano et al., 2017; Zhang et al., 2019). Boundary

insulation was rapidly recovered (Figure 4F), while TAD domain

score, which measures the ratio of intra-TAD versus overall con-

nectivity (Dixon et al., 2012; Stadhouders et al., 2018), increased

more gradually during G1 entry (Figure 4G). A substantial fraction

(�20%) of ASYN TADs were formed by merging of smaller TADs

in EG1 and/or LG1 (data not shown), supporting a recently pro-

posed bottom-up model of TAD formation (Zhang et al., 2019).

Although resetting of domain scores did not correlate with tran-

scriptional reactivation kinetics, boundaries that overlappedwith

at least one early gene/eTRE showed significantly faster and

stronger insulation compared with boundaries with later reacti-

vated genes/eTREs or with no transcriptional activity (Figure 4H).

Moreover, we observed an association between spikes in tran-

scription and boundary insulation during EG1 (Figure S4G).

Together, these results suggest that the timing and degree of in-

sulation upon mitotic exit associates with local transcriptional

activity.

We next tested whether mitotic retention of histone marks

and/or chromatin-bound proteins is linked to faster architectural

resetting. Indeed, boundaries that retained H3K27ac, CTCF, or

other bookmarking features (TBP and ATAC-seq) during mitosis

established significantly stronger insulation by EG1 compared

with boundaries that lost these features (Figures S4H–S4K).

Mitotic retention of multiple factors (Figure 4I) showed even

stronger early insulation. Intriguingly, 95% of TAD boundaries

(3,343 of 3,519) in PSCs were bookmarked by at least one factor

(H3K27ac, TBP, CTCF, or ATAC-seq). Given that the degree of

mitotic retention is variable among cell types, as shown for

CTCF (Oomen et al., 2019; Owens et al., 2019; Zhang et al.,

2019), the relevance of boundary bookmarking remains to be

investigated.

Active regulatory elements and bookmarked regions
engage rapidly in chromatin looping, whereas structural
loops reform at a slower rate
Next,weassessed the kinetics of chromatin looping duringmitotic

exit. Significant contacts were called with Fit-Hi-C (Ay et al., 2014)

at 20 kb resolution (q < 10�3 for both replicates). To further in-

crease confidence, we intersected our contacts with recent

high-resolution Micro-C data in mouse ESCs (mESCs) (Hsieh

et al., 2020), resulting in 14,091 common loops (Figure S5A; Table

S3; see STAR Methods). Similar to the progressive increase in

TAD domain score (Figure 4G), loops reformed in a gradual

manner (Figure S5B). K-means clustering across all time points

identified three groups of interactions with different kinetics of

resetting: fast, gradual, and slow (Figures 5A and 5B; Table S3).

All groups enriched for binding of the classical architectural
een identified as putative mitotic bookmarks in PSCs and have available ChIP-

ed or lost during mitosis.

ing factor at the promoters (±2.5 kb from TSS) of each gene reactivation cluster.

p value (two-sided Fisher’s exact test) is indicated if significant (p < 0.01).

reactivation cluster that retained all, some, or none of the three bookmarks
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Figure 4. Chromosomal compartments and domain boundaries are established in EG1 in coordination with transcriptional reactivation

(A) Hi-C interaction heatmaps (log10 normalized Hi-C reads) of chromosome 3 for each time point to illustrate compartment reformation. The eigenvalues (EVs) of

each matrix at 100 kb resolution are shown below.

(B) Violin plot depicting the compartmentalization (eigenvalue [EV]) for all 100 kb bins across the genome at each time point. Bins with EVs > 0 in asynchronous

cells are called A, while bins with EVs < 0 are called B.

(C) Line plot showing rate of compartmentalization during mitotic exit for compartments (100 kb bins) containing genes from the four gene reactivation clusters,

prioritized as early (n = 4,208) >middle (n = 1,861) > late (n = 921) > transient (n = 903). Lines indicate themedian compartmentalization rate for each Hi-C replicate

(dashed) or for the averaged replicates (solid). Asterisks indicate significance (***p < 0.0001) for early versus any other cluster at EG1 (two-sided Wilcoxon rank-

sum test).

(D) Number of TADs identified at each time point.

(E) Hi-C interactionmaps (log10 normalizedHi-C reads) for each time point of a region on chromosome 4 (chr4:84,500,000-88,500,000), illustrating TAD dynamics.

(legend continued on next page)
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factors CTCF and cohesin (Figure 5C) and showed a progressive

increase in size (Figure S5C). This suggests that more distal con-

tacts are formed slower than closer ones, in agreement with the

loop extrusion model (Alipour and Marko, 2012; Davidson et al.,

2019; Fudenberg et al., 2016; Golfier et al., 2020; Kim et al.,

2019; Sanborn et al., 2015). Examples of differential loop kinetics

are presented by Hi-C contact maps (Figures 5D and S5D). Asso-

ciation analysis revealed that fast established contacts were

strongly enriched for active histonemarks, binding of pluripotency

TFs, and transcriptional machinery (Figure 5C), while gradual and

slow showed only weak or no association with transcriptional reg-

ulatory features. Moreover, chromatin contacts with H3K27ac in

both anchors were overall stronger and faster than loops with

only CTCF and/or cohesin (Figure S5E). This supports the notion

that active regulatory loops are reformed prior to structural loops

uponmitotic exit (Zhang et al., 2019). Fast established loops were

also preferentially enriched for mitotic retention of H3K27ac and

TBP, suggesting that mitotic bookmarking by these factors might

also promote rapid loop reformation (Figure 5E). The lack of corre-

lation between CTCF bookmarking and loop reformation kinetics

is in agreement with the recent finding that cohesin recruitment,

and not CTCF binding, is the rate-limiting step for establishment

of structural loops upon mitotic exit (Zhang et al., 2019).

Different patterns of chromatin loops characterize early
or transiently activated genes and enhancers that
promote self-renewal or differentiation
The coordinated reactivation of enhancers and their target

genes during mitotic exit (see Figures S3D and S3E) suggests

a functional link between chromatin looping and transcrip-

tional reactivation. On the other hand, the overall rapid recov-

ery of transcriptional activity during G1 (see Figures 2B and

2F) compared with the slower reestablishment of long-range

chromatin contacts (see Figures 5A and S5B) argues for par-

tial uncoupling. To address this, we examined the temporal

relationship between transcriptional reactivation and fine-

scale architectural resetting using the Hi-C loop clusters.

Although the levels of transcriptional activity were significantly

higher for genes within the fast cluster (Figure S5F), the tran-

scriptional recovery rates were indistinguishable across loop

clusters (and vice versa; Figure S5G). This suggests a weak

or no association between transcriptional reactivation and

loop reformation kinetics, as recently proposed for a different

cell type (Kang et al., 2020).

We considered that this may be due to technical limitations of

our Hi-C analysis, which misses short-range interactions (<60

kb) (see STAR Methods), underrepresents regulatory loops

(Bonev et al., 2017; Di Giammartino et al., 2019; Mumbach

et al., 2016, 2017), and does not cover a large fraction (>50%)

of expressed genes and eTREs. We therefore revisited the
(F and G) Boxplots showing the (F) insulation scores of TAD boundaries (n = 3,51

time course.

(H and I) Median insulation scores at each time point for (H) TAD boundaries conta

or eTREs (middle, late, and/or transient) (rest, n = 1,182), or no active genes or eT

1,414) or two ormore (n = 1,929) bookmarking features (CTCF, H3K27ac, ATAC-se

pairwise comparisons at EG1 (two-sided Wilcoxon rank-sum test).

See also Figure S4 and Tables S3 and S6.
relationship between transcriptional reactivation and loop for-

mation by performing high-resolution 4C-seq around promoters

of 11 example genes with distinct reactivation patterns and bio-

logical relevance (Tables S3 and S5). In addition to the previous

mitotic release time course, we also included an earlier time

point (30 min release; see Figure S1B) to capture chromatin con-

tacts during anaphase/telophase (TELO). For each viewpoint, we

called significant contacts on the basis of differential normalized

4C-seq signal between any two time points (fold change > 3, p <

0.05) and additional filtering (see STAR Methods). The 232 high-

confidence contacts (ranging from 9 to 590 kb distance) showed

gradual and nonsynchronous reformation kinetics (Figure S5H;

Table S3), consistent with our Hi-C results. Although proximal

loops were often reformed first, many loci showed clear excep-

tions, with more distal loops reaching their maximal strength

prior to proximal contacts (Figure S5I). Interestingly, loops con-

necting genes to early eTREs were significantly faster reformed

than those contacting later (middle, late, transient) eTREs or no

eTREs (Figures 5F and 5G). For example, at the Sox2 locus (a

critical regulator of pluripotency and reprogramming), we

observed rapid contact reformation between the promoter and

SE (Whyte et al., 2013), which contains multiple early eTREs,

and much slower interaction with nearby late eTREs (Figure 5H).

This was true for all rapidly reactivated genes tested, which

formed at least one fast loop with an early eTRE (Figure S5J).

This suggests that early enhancer-promoter communication

might be sufficient for initial gene activation, while later loops

may stabilize gene expression or provide additional layers of

regulation. Re-analysis of our Hi-C data confirmed the faster

reformation of contacts around PSC SEs (Whyte et al., 2013;

Figure 5I). These results demonstrate a degree of coordination

between architectural reorganization and transcriptional reacti-

vation during mitotic exit, particularly around stem cell-related

genes and enhancers.

Although the vast majority of observed 4C-seq contacts were

abrogated in mitosis, we observed several noteworthy excep-

tions. The transiently expressedGata6 locus, encoding a master

regulator of the endodermal fate (Schrode et al., 2014), had a

strong, proximal contact that was maintained in mitosis and

G1 phase (Figure 5J). This anchor corresponded to a putative

enhancer in extra-embryonic endoderm (XEN) cells (unpublished

H3K27ac ChIP-seq from our group), implying that this persistent

contact may pre-program activation of Gata6 during G1 and/or

upon endoderm differentiation. We also discovered transiently

formed loops during G1 (Figure 5J), which occurred within the

same TAD and coincided with the transient activation of genes

or eTREs at their anchors. These loops differ from recently re-

ported ‘‘aberrant’’ G1 inter-TAD chromatin contacts (Zhang

et al., 2019), but their role during self-renewal and differentiation

in stem cells remains to be determined.
9 in asynchronous cells) and (G) domain scores of TADs (n = 3,499) across the

ining at least one early gene or eTRE (early, n = 985), only later activated genes

REs (none, n = 1,352) or (I) TAD boundaries that retain none (n = 176), one (n =

q, TBP). For both (H) and (I), asterisks indicate significance (***p < 0.0001) for all
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Figure 5. Enhancer-promoter contacts are rapidly reformed with different patterns at early or transiently activated genes

(A and B) K-means clustering of 14,091 Hi-C loops (see STAR Methods) identified three clusters with different reformation kinetics (fast, gradual, slow). (A)

Heatmap illustrating the normalized Hi-C reads for each contact over the time course. Number of loops per cluster is shown. (B) Line plots depicting themedian of

normalized read counts for each cluster over the time course either for each replicate (gray lines) or for the average of the replicates (colored lines).

(legend continued on next page)
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Taken together, long-range chromatin contacts are reestab-

lished upon mitotic exit in complex and asynchronous patterns

that only partly associate with the transcriptional reactivation of

involved elements.

Loss of mitotic H3K27ac perturbs transcriptional
reactivation during G1 entry with no effects on 3D
chromatin reorganization
Prompted by the strong association of mitotic H3K27ac with

rapid resetting of transcription and looping/insulation (Figures

3G, S3F, S4H, and 5E), we decided to experimentally test the

bookmarking function of thismark.We depletedH3K27ac during

mitosis by treating PSCs with the selective p300/CBP inhibitor

A485 (p300i) (Lasko et al., 2017) for 3 h prior to mitotic shake-

off (MIT). Then, we released in full medium without p300i or

nocodazole for 1 h (EG1) to detect early, direct effects on tran-

scriptional reactivation and topological resetting. To distinguish

between specific effects of p300i on M-to-G1 resetting versus

‘‘generic’’ effects of global H3K27ac loss, we also collected

asynchronous cells treated (ASYN) and released (ASYN+1) for

the same duration (Figure 6A). FACS analysis of DNA content

at each time point showed no effects of the treatment on mitotic

purity or cell cycle release (data not shown). Western blot anal-

ysis and H3K27ac ChIP-seq revealed a strong reduction of

H3K27ac upon p300i treatment and a quick recovery upon

wash off (Figures 6B, S6A, and S7).

PRO-seq analysis showed good correlation among replicates

and a clear separation between p300i treated/released (+) sam-

ples compared with DMSO controls (�) (Figure 6C). Overall,

p300i treatment caused a global and significant decrease in tran-

scriptional activity at every time point (Figures 6D and S6B). The

most pronounced effects were in the ASYN treated cells with

8,198 differentially expressed genes (DEGs; 7,797 down, 401

up, compared with respective DMSO samples) (fold change

>1.2, p < 0.05) (Figure 6D and S6B; Table S4), supporting a func-

tional role of p300 activity and H3K27ac levels in the mainte-

nance of transcription (Kang et al., 2020; Martire et al., 2020;

Raisner et al., 2018). Despite the global recovery of H3K27ac
(C) Heatmap showing select factors andmarks that are enriched at the loop ancho

and Bock, 2016) (see STAR Methods). Color bar indicates significance of enrich

(D) Hi-C interaction maps (log10 normalized Hi-C reads) at 10 kb resolution of a

Examples of fast and slow reestablished contacts are indicated.

(E) Relative enrichment of Hi-C loop clusters for the presence of retained or lost

indicate p values (two-sided Fisher’s exact test), and color indicates ratio of obs

(F) Boxplot showing the 4C-seq contact frequency over the time course for loop an

versus anchors that contain only middle, late, or transient eTREs (rest, n = 48 loo

Wilcoxon rank-sum test). Non-significant (ns) indicates p > 0.05.

(G) Stacked bar plot showing the percentage of fast, gradual, and slow reformed 4

49), or transient (n = 19) eTREs. Any loop anchor >5 kb from all eTREs was show

(H) 4C-seq data are represented as average CPM around the viewpoint (Sox2 prom

tracks underneath show eTRE reactivation clusters (early, middle, late, and transie

enhancer (early eTREs) is highlighted in greenm while another enhancer region (

(I) Line plot showing Hi-C contact strength for loopswith an anchor containing a PS

6,073). Error bars show upper and lower limit of the 95% confidence interval. As

versus other eTREs (two-sided Wilcoxon rank-sum test).

(J) 4C-seq data representation (as shown in H) around the Gata6 promoter. Geno

H3K27ac ChIP-seq in mitotic and asynchronous cells, and H3K27ac ChIP-seq in

between the Gata6 promoter and a proximal enhancer is highlighted in orange. A

See also Figure S5 and Tables S3, S5, and S6.
at EG1 and ASYN+1 (Figure 6B), transcriptional activity was

significantly impaired at both time points (Figure 6D) with com-

mon but also stage-specific downregulated DEGs (Figure 6E).

EG1 DEGs enriched for genes of the early reactivated cluster,

while ASYN+1 DEGs showed overrepresentation of late reacti-

vated genes (Figure S6C). Moreover, EG1 DEGs were strongly

enriched for H3K27ac retained peaks (bookmarking), while

ASYN+1 DEGs associated with lost H3K27ac peaks during

mitosis (Figure 6F). Notably, genes important for stem cell iden-

tity, including Esrrb, Nanog, Pou5f1, Nodal, and Zfp42, were

preferentially enriched in EG1 DEG compared with unaffected

genes (EG1 non-DEGs) (Figure S6D). These results provide

experimental support for the functional role of mitotic H3K27ac

in rapid post-mitotic transcriptional reactivation of bookmarked

and PSC-associated genes.

In contrast with the significant and broad transcriptional de-

fects upon p300i treatment, our Hi-C analysis did not detect

any notable effects on the 3D chromatin (re)organization. PCA

clustered all samples on the basis of cell cycle stage (MIT,

EG1, or ASYN) and did not clearly distinguish between p300i

or DMSO treatment (Figure 6G). Indeed, A and B compartmen-

talization across all time points was almost identical between

DMSO and p300i-treated samples (Figures 6H and S6E), with

<1.5% of the genome showing significant differences in

compartment scores (eigenvalues) around weakly compartmen-

talized regions (Figure S6F; Table S4). Similarly, TAD boundary

insulation, domain score, and loop strength showed minimal

global alterations (Figures S6G, S6H, 6I, and 6J) and very few

or no significant changes at any time point (Table S4). Specif-

ically, we failed to detect any significant topological changes in

EG1, even when comparing chromatin architecture around dif-

ferential (EG1 DEGs) and non-differential (EG1 non-DEGs) genes

(Figures 6K and S6I–S6K). Although we cannot exclude that fine-

scale and locus-specific reorganization might still occur, these

results demonstrate that neither mitotic nor interphase depletion

of H3K27ac by p300i disrupts global 3D chromatin architecture.

Together, these experiments document a functional role of

mitotic H3K27ac bookmarking for transcriptional reactivation
rs of each Hi-C cluster (shown in A) as calculated from LOLA analysis (Sheffield

ment (�log10[p]), while non-significant (q > 0.001) terms are shown in gray.

region on chromosome 11 (chr11:33,000,000-34,200,000) at each time point.

H3K27ac, CTCF, or TBP ChIP-seq peaks (see Figures 3E–3G). Sizes of dots

erved (Obs) versus expected (Exp) frequency.

chors that overlap with or are nearby (<5 kb) to early eTREs (early, n = 17 loops)

ps). Asterisks indicate significance (*p < 0.05) for early versus rest (two-sided

C-seq loops overlapping or near (<5 kb) to early (n = 27), middle (n = 46), late (n =

n as ‘‘none’’ (n = 167).

oter) with each time point shown as an overlapping bar plot. Genome Browser

nt) and H3K27ac ChIP-seq in mitotic and asynchronous cells. The Sox2 super-

late eTREs) is highlighted in purple.

C SE (Whyte et al., 2013) (n = 253) versus loops containing any other eTREs (n =

terisks indicate significance (*p < 0.01, **p < 0.001, and ***p < 0.0001) for SEs

me Browser tracks underneath show raw PRO-seq reads for each time point,

asynchronous extra-embryonic endoderm (XEN) stem cells. A retained contact

rrows indicate visually detected transient or slow-formed contacts.
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A485 (p300i) or DMSO control prior to releasing into fresh media without the inhibitor for 1 h (see STAR Methods).

(B) Average line plot showing the H3K27ac signal (ratio ChIP/input) for DMSO-treated (teal) and p300i-treated (orange) samples at each time point. Solid and
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(C) PCA of MIT, EG1, ASYN, and ASYN+1 PRO-seq samples after DMSO (�) or p300i (+) treatment and recovery. A, B, and C indicate independent replicates.

(D) Violin plot shows the percentage decrease in PRO-seq signal in p300i- versus DMSO-treated samples for all genes expressed at each time point (RPKM > 1).
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(E) Venn diagram of the overlap between downregulated, differentially expressed genes (DEGs) after p300i treatment in EG1 and ASYN+1 (see also Figure S6B).

(legend continued on next page)
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but not for architectural resetting during G1 entry. Moreover,

these results support that 3D chromatin (re)organization is (1)

largely independent of p300 activity and H3K27ac levels when

these are perturbed temporarily and (2) potentially uncoupled

from transcriptional activity.

DISCUSSION

The MIT-to-G1 transition poses substantial challenges for the

maintenance of cell identity in self-renewing cells. Our study in-

tegrates transcriptional and architectural changes during mitotic

exit in mouse PSCs and revealed distinct, and partly coordi-

nated, waves of molecular resetting, with a particularly rapid

resetting around PSC-associated genes and enhancers. More-

over, we provided experimental support for the bookmarking

function of H3K27ac for rapid post-mitotic transcriptional activa-

tion (model in Figure 7).

Transcriptional shutdown during mitosis and a global tran-

scriptional spike during G1 entry have also been reported in

different cell types (Hsiung et al., 2016; Palozola et al., 2017;

Teves et al., 2018). However, in contrast with somatic cells

(Palozola et al., 2017), we observed preferential rapid reactiva-

tion of genes associated with PSC identity compared with the

slower turn on of housekeeping genes, suggesting cell-type-

specific differences in transcriptional resetting upon mitotic

exit. This may reflect the constant need of fast-cycling PSCs to

balance between self-renewal and differentiation (Evans, 2011)

and the particularly critical role of G1 phase in this decision

(Boward et al., 2016). As pluripotency regulators such as

NANOG degrade during mitosis (Liu et al., 2017b), this rapid re-

activation of the stemness program may be critical for self-

renewal. On the other hand, the observed transient activation

of developmental genes in G1 may constitute a temporal ‘‘prim-

ing’’ step that can tip the balance from self-renewal to lineage

specification (Coronado et al., 2013; Pauklin et al., 2016; Pauklin

and Vallier, 2013; Singh et al., 2013, 2015). This is in agreement

with previous reports of ‘‘noisy’’ de-repression of lineage regula-

tors during G1 in self-renewing human (Singh et al., 2013) and

mouse (Asenjo et al., 2020) PSCs. Future single-cell analyses

will be required to determine the degree of co-expression of
(F) Relative enrichment or depletion of retained or lost H3K27ac ChIP-seq peaks a

(EG1 only, ASYN+1 only, or both; see Figure 6E). Sizes of dots indicate p values (tw

expected (Exp) frequency. Genes containing multiple peak types were prioritized

(G) PCA of Hi-C data (on the basis of compartment eigenvalues for each 100 kb

treatment and recovery.

(H) Line plot showsmedian compartmentalization (eigenvalue) of A compartments

at each time point. Error bars show upper and lower limit of the 95% confidence in

for DMSO versus p300i (two-sided Wilcoxon rank-sum test). Not significant (ns)

(I) Genome Browser tracks for chr1:55,000,000-68,000,000 (13 Mb) showing the P

for ASYN DMSO and ASYN p300i samples, indicating the global decrease in trans

the same region shows no effect on 3D chromatin architecture (ASYN DMSO on u

(Robinson et al., 2018) at 20 kb resolution.

(J) Aggregated peak analysis (APA) showing the aggregate Hi-C signal of DMSO-

confidence Hi-C loops as identified in Figure 5A (see STAR Methods). Bin size, 1

central bin to the mean number of contacts in the lower left corner, is shown at t

(K) Violin plot shows compartmentalization (eigenvalue) during EG1 after DMS

containing EG1 DEGs and non-DEGs. Asterisks indicate significance (***p < 0.00

Non-significant (ns) indicates p > 0.01.

See also Figures S6 and S7 and Tables S4 and S6.
different developmental regulators in PSCs exiting mitosis and

the underlying mechanisms.

Our study also revealed distinct and nonsynchronous patterns

of topological reorganization in PSC during mitotic exit and

provided insights into their underlying mechanisms. We

confirmed that compartmentalization and TAD boundary insula-

tion were rapidly reestablished in EG1 (Abramo et al., 2019;

Dileep et al., 2015; Nagano et al., 2017; Naumova et al., 2013;

Zhang et al., 2019), while long-range contacts were formed over-

all at a slower rate. It is important to acknowledge that nocoda-

zole-mediated mitotic arrest might have affected the normal

kinetics of 3D chromatin reorganization upon mitotic exit and

that the presence of not yet released mitotic cells within our

bulk EG1 and LG1 populations might have limited our ability to

detect some of the early established contacts. In agreement

with previous studies (Abramo et al., 2019; Zhang et al., 2019),

most of our Hi-C-detected chromatin contacts were bound by

CTCF and cohesin and their size was inversely correlated with

the rate of recovery, further supporting that CTCF/cohesin-medi-

ated loop extrusion (Alipour and Marko, 2012; Davidson et al.,

2019; Fudenberg et al., 2016; Golfier et al., 2020; Kim et al.,

2019; Sanborn et al., 2015) is a major mechanism of chromatin

reorganization upon mitotic exit. Importantly, both our Hi-C

and 4C-seq analyses revealed that active regulatory loops

marked by H3K27ac and binding of TFs/cofactors are reset at

a faster rate than purely structural CTCF/cohesin loops, as also

shown in erythroblasts (Zhang et al., 2019). This asynchrony

could reflect a faster recruitment of factors and complexes that

stall cohesin and stabilize looping around active regulatory re-

gions upon mitotic exit. Alternatively, it could suggest the pres-

ence of extrusion-independent forces for contact formation

through affinity/segregation of chromatin marks and factors

that are enriched in actively transcribed regions (Di Giammartino

et al., 2020; Kim and Shendure, 2019; Nuebler et al., 2018; Rada-

Iglesias et al., 2018; Stadhouders et al., 2019).

Mitotic bookmarking by protein factors or histone marks has

been previously proposed to promote rapid transcriptional re-

activation of cell identity genes during G1 entry (Kadauke and

Blobel, 2013; Zaidi et al., 2010). However, direct links between

mitotic retention and reactivation kinetics are rather sparse and
t the promoter (±2.5kb from TSS, at least 1 bp overlap) of downregulated DEGs

o-sided Fisher’s exact test), and color indicates ratio of observed (Obs) versus

by retained > lost.

bin) for MIT, EG1, ASYN, and ASYN+1 samples after DMSO (�) or p300i (+)

(top) and B compartments (bottom) in DMSO- and p300i-treated Hi-C samples

terval. Asterisks indicate significance (*p < 0.01, **p < 0.001, and ***p < 0.0001)

indicates p > 0.01.

RO-seq data (merge of triplicates) and H3K27ac ChIP-seq data (one replicate)

cription and H3K27ac levels after p300 inhibition. Below, the Hi-C heatmap for

pper right, ASYN p300i on lower left). Hi-C data were visualized using Juicebox

and p300i-treated Hi-C samples at each time point centered around our high-

0 kb. The APA score, calculated as the ratio of the number of contacts in the

he lower left (outlined by a black box).

O or p300i treatment/recovery, focusing specifically around compartments

01) for all relevant pairwise comparisons (two-sided Wilcoxon rank-sum test).
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contradictory (Behera et al., 2019; Blobel et al., 2009; Caravaca

et al., 2013; Deluz et al., 2016; Dey et al., 2009; Festuccia et al.,

2016; Hsiung et al., 2016; Kadauke et al., 2012; Oh et al., 2020;

Owens et al., 2019; Teves et al., 2018) and are usually based on

limited numbers of genes or global RNA levels. By tracking

genome-wide transcriptional activity at single-base-pair reso-

lution (using PRO-seq) and integrating ChIP-seq data of previ-

ously reported bookmarking factors in mouse PSCs, we found

that only mitotic H3K27ac and selected DNA-bound factors,

such as TBP and KLF4, were strongly associated with rapid

transcriptional resetting. Mitotic loss of these marks/factors

was associated with a slower transcriptional reactivation, sug-

gesting that ‘‘de novo’’ re-assembly of a favorable chromatin

state and/or transcriptional complex during G1 entry are rate-

limiting factors.

We validated the bookmarking function of H3K27ac by

showing that mitotic depletion of this mark by p300 inhibition

impaired the early (EG1) transcriptional reactivation of thousands

of bookmarked genes, including key pluripotency regulators.

Importantly, H3K27ac is also detected on the mitotic chromatin

of other cells types and was recently shown to be important for

transcriptional memory in a human osteosarcoma line (Kang

et al., 2020). This suggests a more universal bookmarking func-

tion of this mark, which might promote the rapid recruitment of

important transcriptional regulators and cofactors, such as

BRD4 (Behera et al., 2019). Intriguingly, genes that were affected

by p300i in EG1 were also characterized by a relatively high

mitotic transcriptional activity (not shown), raising the possibility

that mitotic transcription per se, might also function as book-

mark (Palozola et al., 2017, 2019). Moreover, we cannot exclude

that additional p300/CBP targets (Weinert et al., 2018), such as

other histone acetylated residues (H3K18ac, H3K122ac) that

can be maintained on mitotic chromatin (Behera et al., 2019),

might also contribute to rapid transcriptional activation.
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Our computational analyses showed

that H3K27ac bookmarking was also

associated with rapid topological reset-

ting upon mitotic exit. However, temporal

p300 inhibition either during mitosis or in

asynchronous cells showed no signifi-

cant effects on global 3D chromatin (re)

organization, despite drastic depletion

of H3K27ac and global transcriptional

defects. This discrepancy underlines the
need for functional validation of computational predictions

and highlights the complex interconnections between transcrip-

tion, epigenome, and 3D topology (Di Giammartino et al., 2020;

Hildebrand and Dekker, 2020; Rada-Iglesias et al., 2018; Rowley

and Corces, 2018; van Steensel and Furlong, 2019). Our findings

support at least a partial functional uncoupling between genomic

architecture and chromatin and/or transcriptional state, as pro-

posed in other recent studies (Crump et al., 2019; Jiang et al.,

2020; Ray et al., 2019). However, as our experimental perturba-

tions did not fully eliminate transcription, it is plausible that the

remaining transcriptional activity promotes proper chromatin or-

ganization, in agreement with its previously instructive role in

genome folding (Busslinger et al., 2017; Heinz et al., 2018; Hsieh

et al., 2020; Zhang et al., 2020a, 2020b). Systematic and acute

perturbations of all candidate regulators of post-mitotic resetting

coupled with high-resolution 3D genomics and super-resolution

imaging technologies will help elucidate these cause-and-effect

relationships.

In conclusion, our findings provide insights into the order of

molecular events during G1 entry and constitute a stepping

stone toward understanding the mechanisms that ensure faithful

transcriptional and architectural resetting and ultimately the

maintenance of stem cell identity.
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Zhang, S., Übelmesser, N., Josipovic, N., Forte, G., Slotman, J.A., Chiang, M.,

Gothe, H., Gusmao, E.G., Becker, C., Altm€uller, J., et al. (2020b). RNA poly-

merase II is required for spatial chromatin reorganization following exit from

mitosis. bioRxiv. https://doi.org/10.1101/2020.10.27.356915.

Zheng, X., and Zheng, Y. (2018). CscoreTool: fast Hi-C compartment analysis

at high resolution. Bioinformatics 34, 1568–1570.

http://refhub.elsevier.com/S1097-2765(21)00142-8/sref93
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref93
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref93
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref93
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref94
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref94
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref94
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref95
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref95
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref95
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref96
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref96
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref97
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref97
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref97
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref97
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref97
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref98
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref98
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref98
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref99
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref99
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref99
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref100
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref100
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref100
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref101
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref101
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref101
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref101
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref102
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref102
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref102
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref103
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref103
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref103
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref103
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref104
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref104
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref104
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref105
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref105
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref105
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref106
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref106
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref106
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref107
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref107
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref107
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref107
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref108
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref108
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref109
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref109
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref110
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref110
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref111
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref111
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref111
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref112
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref112
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref112
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref113
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref113
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref113
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref114
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref114
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref114
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref115
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref115
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref115
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref115
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref116
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref116
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref116
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref116
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref117
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref117
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref117
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref118
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref118
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref118
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref119
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref119
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref119
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref120
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref120
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref120
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref120
https://doi.org/10.1101/2020.10.27.356915
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref122
http://refhub.elsevier.com/S1097-2765(21)00142-8/sref122


ll
Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal Histone H3

(phospho S10)

Abcam Cat# ab47297; RRID: AB_880448

Rabbit polyclonal to Histone H3 (acetyl K27) Abcam Cat# ab4729; RRID: AB_2118291

Rabbit polyclonal to Histone H3 Abcam Cat# ab1791; RRID: AB_302613

Chemicals, peptides, and recombinant proteins

Nocodazole Sigma Cat# M1404

MEK inhibitor (PD0325901) Stemgent Cat# 04-0006

GSK inhibitor (CHIR99021) Stemgent Cat# 04-0004-10

A 485 (p300/CBP inhibitor) Tocris Cat# 6387

Critical commercial assays

Nextera DNA library Preparation Kit Illumina Cat# FC-121-103

SeqCap Adaptor Kit A Roche Cat# 7141530001

KAPA HiFi HotStart ReadyMix and primers KAPA Cat# KK2620

KAPA Hyper Prep Kit KAPA Cat# KK8502

Arima-HiC Kit Arima Cat# A510008

Deposited data

Raw and processed data of ATAC-seq

libraries in mitotic and asynchronous

mouse PSCs

This study GEO: GSE138965

Raw and processed data of Hi-C libraries

for mitotic release time course in

mouse PSCs

This study GEO: GSE138965

Raw and processed data of PRO-seq

libraries for mitotic release time course in

mouse PSCs

This study GEO: GSE138965

Raw and processed data of 4C-seq libraries

at 11 loci for mitotic release time course in

mouse PSCs

This study GEO: GSE138965

Raw and processed data of RNA-seq

libraries in asynchronous mouse PSCs

This study GEO: GSE138965

Raw and processed data of H3K27ac ChIP-

seq libraries after DMSO or p300i (A485)

treatment in mitosis, early G1, and

asynchronous mouse PSCs

This study GEO: GSE138965

Raw and processed data of PRO-seq

libraries after DMSO or p300i (A485)

treatment in mitosis, early G1, and

asynchronous mouse PSCs

This study GEO: GSE138965

Raw and processed data of Hi-C libraries

after DMSO or p300i (A485) treatment in

mitosis, early G1, and asynchronous

mouse PSCs

This study GEO: GSE138965

H3K27ac and KLF4 ChIP-seq in mitotic and

asynchronous mouse embryonic stem cells

Liu et al., 2017b GEO: GSE92846

TBP ChIP-seq in mitotic and asynchronous

mouse embryonic stem cells

Teves et al., 2018 GEO: GSE109962

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ESRRB ChIP-seq in mitotic and

asynchronous mouse embryonic stem cells

Festuccia et al., 2016 GEO: GSE75066

CTCF ChIP-seq in mitotic and

asynchronous mouse embryonic stem cells

Owens et al., 2019 GEO: GSE131356

OCT4 and NANOG ChIP-seq in mitotic and

asynchronous mouse embryonic stem cells

Festuccia et al., 2019 GEO: GSE122589

H3K27ac Hi-ChIP in asynchronous mouse

embryonic stem cells

Di Giammartino et al., 2019 GEO: GSE113431

Micro-C in mouse embryonic stem cells:

valid pairs and .hic matrix files

Hsieh et al., 2020 GEO: GSE130275

Drosophila reference genome (Dm6) Berkeley Drosophila Genome Project https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001215.4/

Mouse reference genome GRCm38 (mm10) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001635.20/

Experimental models: cell lines

FUCCI2a iPSC clone A This study N/A

FUCCI2a iPSC clone B This study N/A

Oligonucleotides

See Table S5 for all oligonucleotide

sequences

This study Krijger et al., 2020 N/A

Software and algorithms

FlowJo (v10.6.1) FlowJo https://docs.flowjo.com:443/d2/

FIJI (ImageJ v2.0.0) Schindelin et al., 2012 https://imagej.net/Fiji

Bowtie 2 aligner (v2.2.6) Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Tophat2 (v2.1.0) Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

Picard (MarkDuplicates command, v2.12.2) Broad Institute, 2019 https://broadinstitute.github.io/picard/

Samtools (v1.7) Li et al., 2009 http://samtools.sourceforge.net/

MACS2 (v2.1.1) Zhang et al., 2008 https://pypi.org/project/MACS2/

#description

IGV browser Robinson et al., 2011 https://software.broadinstitute.org/

software/igv/

Bedtools (v2.25.0) Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

Htseq-count (0.5.4.p3) Anders et al., 2015 https://htseq.readthedocs.io/en/release_0.

11.1/history.html#version-0-5-4

DeepTools (version 3.0.2) Ramı́rez et al., 2016 https://deeptools.readthedocs.io/en/

develop/index.html#

Fastx-toolkit (0.0.13) FastX-Toolkit http://hannonlab.cshl.edu/fastx_toolkit/

Cutadapt (v1.4.2) Martin, 2011 http://journal.embnet.org/index.php/

embnetjournal/article/view/200

dREG Danko et al., 2015; Wang et al., 2019 https://github.com/Danko-Lab/dREG

HiCexplorer (v1.8) Ramı́rez et al., 2018 https://hicexplorer.readthedocs.io/en/

latest/

FitHiC (1.1.3) Ay et al., 2014 https://noble.gs.washington.edu/proj/fit-

hi-c/

R (3.4.4) R Core Team, 2020 https://www.R-project.org/

LOLA (v1.0.0) Sheffield and Bock, 2016 http://code.databio.org/LOLA/

DESeq Anders and Huber, 2010 https://bioconductor.org/packages/

release/bioc/html/DESeq.html

Cscore algorithm (v1.1) Zheng and Zheng, 2018 https://github.com/scoutzxb/CscoreTool

(Continued on next page)
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David knowledgebase (v6.8) Dennis et al., 2003 https://david.ncifcrf.gov/

GREAT analysis (v3.0.0) McLean et al., 2010 http://great.stanford.edu/great/public-3.0.

0/html/

Juicebox Robinson et al., 2018 https://www.aidenlab.org/juicebox/

Juicer tools (v1.19.02) Durand et al., 2016 https://github.com/aidenlab/juicer
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Effie

Apostolou (efa2001@med.cornell.edu).

Materials availability
FUCCI2a iPSC lines are available upon request.

Data and code availability
The accession number for the genomics data (Hi-C, ATAC-seq, RNA-seq, 4C-seq, ChIP-seq, and PRO-seq) reported in this paper is

GEO: GSE138965.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138965

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line generation
Mouse embryonic fibroblasts (MEFs) were isolated fromE13.5 embryos fromR26Fucci2aR (Mort et al., 2014) mice in amixedC57BL/

6, DBA/2, and CD1 background (gift from Hadjantonakis lab (MSKCC)). Male MEFs were co-infected with a FUGW-rtTA (Maherali

et al., 2008) and TRE-OKSM (STEMCCA) cassette (Sommer et al., 2009) according to standard protocols (Di Giammartino et al.,

2019) and were then reprogrammed in the presence of 1 mg/ml of doxycycline and 50 mg/ml of ascorbic acid for 12 days prior to

doxwithdrawal for establishment of transgene-free induced PSCs (iPSCs). Individual iPSC clones were picked and screened for suc-

cessful reprogramming based on expression of multiple pluripotency markers.

Cell culture conditions
Two independent, male iPSC clones (described above) were used as biological replicates for all analyses in this study. iPSCs were

cultured at 37�C on irradiated feeder cells in FBS/LIF+2i conditions. Specifically, KO-DMEM media (Invitrogen) supplemented with

15%heat-inactivated fetal bovine serum, GlutaMAX, penicillin-streptomycin, non-essential amino acids, beta-mercaptoethanol, and

1000 U/ml LIF, plus 2i (1uM MEK inhibitor (Stemgent 04-0006) and 3uM GSK3 inhibitor (Stemgent 04-0004-10)) was used.

METHOD DETAILS

Mitotic arrest, release, and cell cycle analysis
To arrest cells in mitosis, 80%–90% confluent mouse iPSCswere passaged 1:3 on gelatinized plates the day before synchronization.

Nocodazole (200ng/ml) (Sigma, M1404) was added to the medium for 6hr prior to collection by mitotic shake-off. 1/3 of cells were

processed immediately (for mitotic time point), while the remaining cells were washed 2x with PBS and released into pre-warmed

(37�C) media and plated on gelatin. Cells were then collected at 1hr and 3hrs after release. For each time point, a fraction of cells

were used for estimation of synchronization and release efficiency by FACS (BD FACS Canto II analyzer and BD FACS Diva

v8.0.3 software) after ethanol fixation and staining with 300nM DAPI (Biolegend, 422801). Aliquots from each time point were also

tested for their cell cycle stage by using aBD FACSAria II to assess the FUCCI2amarkers (Cdt1-mCherry, Gmn-mVenus). Anymitotic

shake-off experiment with < 95% 4N cells was discarded. Asynchronous cells were processed identically but without Nocodazole

treatment. FlowJo (v10.6.1) software was utilized for analysis and representation of FACS data.

H3K27ac depletion/recovery using p300 inhibitor
Cells were prepared for synchronization as above. After 3 hours of Nocodazole treatment, either 20uM p300/CBP catalytic inhibitor

(A485, Tocris #6387) or the same volume DMSO was added to the media for the remaining 3 hours of synchronization. After mitotic

shake-off, half of cells were processed immediately (mitotic time point, MIT) while the remainder were washed and released into fresh

media, without nocodazole or inhibitors, and then collected after 1hr (Early G1, EG1). For asynchronous treatment and release, the
Molecular Cell 81, 1732–1748.e1–e8, April 15, 2021 e3
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cells were treated and collected as above, but without Nocodazole. After the 3hr treatment with A485 or DMSO, cells were either

collected by trypsinization (ASYN) or washed and released into fresh media for 1hr (ASYN+1) before collection. For each time point,

cells were processed for Western Blot, cell cycle analysis by FACS, H3K27ac ChIP-seq, PRO-seq, and Hi-C. All downstream pro-

cessing steps were performed as described in the respective sections of the methods. Hi-C was performed using the Arima-HiC

kit (Arima, cat # A510008) and the KAPA Hyper Prep Kit (KAPA, cat # KK8502) according to manufacturer’s instructions.

Validation of mitotic purity
The efficiency of synchronization and mitotic shake-off was estimated by FACS after ethanol fixation and staining with H3Ser10p

antibody (Abcam, ab47297) and DAPI. Mitotic purity was further validated after the 1% formaldehyde fixation step of Hi-C (see

below). Aliquots of mitotic and asynchronous cells were removed after fixation and 60K cells were cytospun at 1000rpm for

5mins onto a slide, following by immunofluorescence staining with H3Ser10p and DAPI. For validation of mitotic purity after PRO-

seq permeabilization, aliquots of mitotic and asynchronous cells were resuspended in PBS + 300nM DAPI immediately after perme-

abilization and analyzed by FACS and microscopy. Image analysis utilized FIJI (Schindelin et al., 2012).

FUCCI2a FACS sorting
Prior to sorting, a partial synchronization and release was performed to enrich for cells in G1. Initially, the cells were treated as for

mitotic arrest (above). After 5hrs Nocodazole treatment, cells were kept in the dish (no shake-off), gently washed 2x with PBS,

and then released into pre-warmed (37�C) media for 2hrs. Cells were then collected in bulk and a BD FACS Aria II was utilized to

sort cells in early G1 (mCherry- Gmn-), late G1 (mCherry+ Gmn-) and S/G2 (Gmn+). An aliquot of each sorted population was re-

checked for purity and cell cycle analysis while remaining cells were processed for pre-mRNA RT-qPCR.

pre-mRNA RT-qPCR
RNA was isolated using RNeasy Mini Kit (QIAGEN, 74106), and DNase treated (QIAGEN, 79254). cDNA was prepared using iScript

Reverse Transcription Supermix (Biorad, 1708841). Real Time PCRwas performed using PowerUp SYBRGreenMaster Mix (Applied

Biosystems, A25742) and pre-mRNA primer sequences are listed in Table S5.

Western blot
Cells were resuspended in 1X Laemmli Buffer. Samples were sonicated for 5 cycles using the Bioruptor Pico (Diagenode) and then

boiled for 5 mins. Samples were then used for Western Blot analysis using the following antibodies: H3K27ac (ab4729), H3ser10p

(ab47297), and H3 (ab1791).

ATAC-seq
ATAC-seq was performed as previously described (Buenrostro et al., 2013). In brief, a total of 50,000 cells were washed once with

50 mL of cold PBS and resuspended in 50 mL lysis buffer (10 mM Tris-HCl pH 7.4, 10 mMNaCl, 3 mMMgCl2, 0.2% (v/v) IGEPAL CA-

630). They were then centrifuged for 10min at 800xg at 4�C, followed by the addition of 50 mL transposition reaction mix (25 mL TD

buffer, 2.5 mL Tn5 transposase and 22.5 mL ddH2O) using reagents from the Nextera DNA library Preparation Kit (Illumina #FC-121-

103). Samples were then incubated at 37�C for 30min. DNA was isolated using a ZYMO Kit (D4014). ATAC-seq libraries were pre-

pared using NEBNext High-Fidelity 2X PCR Master Mix (NEB, #M0541), a uniquely barcoded primer per sample, and a universal

primer. Samples were first subjected to 5 cycles of initial amplification. To determine the suitable number of cycles required for

the second round of PCR (to minimize PCR bias) the library was assessed by quantitative PCR (Buenrostro et al., 2015). Briefly, a

5 mL aliquot of the initial amplification sample was used for 20 cycles of qPCR. Linear Rn versus cycle was plotted to determine cycle

number corresponding to 1/3 of maximum fluorescent intensity. For each sample, the remaining 45 mL of initial PCR product was

therefore further amplified for 5 more cycles using Nextera primers. Samples were subject to a dual size selection (0.55x–1.5x) using

SPRIselect beads (Beckman Coulter, B23317). Finally, the ATAC libraries were sequenced on an Illumina Hi-Seq (2500) platform for

50bp paired-end reads.

PRO-seq
PRO-seq was performed as described previously (Kwak et al., 2013), with a few adjustments. All steps were performed on ice. For

each replicate per time point, 2 million cells were collected, washed briefly in PBS, and resuspended in Buffer P (10mM Tris-HCl pH

8.0, 10% glycerol, 10mM KCl, 5mM MgCl2, 250mM sucrose, 0.5mM DTT, 0.1% IGEPAL) at the cell density of 2x106 cells/ml. After

1min of incubation, 5x volume of Buffer W (10mM Tris-HCl pH 8.0, 10% glycerol, 10mM KCl, 5mM MgCl2, 250mM sucrose, 0.5mM

DTT) was added to dilute the IGEPAL before centrifugation at 1000xg for 5min. Supernatant was discarded and the permeabilized

cells were resuspended in Buffer F (5mM Tris-HCl pH 8.5, 40% glycerol, 5mMMgCl2, 0.5mM DTT, 5 mM DTT, 1 mL/ml RNase inhib-

itor (SUPERaseIN, Ambion)) at a density of 2x106 cells/100ml and immediately frozen in liquid nitrogen. Sampleswere stored at�80�C
until library preparation. PRO-seq libraries were prepared using biotin-NTP-supplemented run-ons from 0.2-0.53 106 permeabilized

cells with Drosophila nuclei spike-in. NRO-RNA was purified using Norgen RNA isolation columns (Norgen Biotek cat. # 17200), fol-

lowed by base hydrolysis on ice for 10min. After the first bead enrichment and 30-ligation, the NRO-RNA was again bound to beads.

The decapping, end repair, and 50-ligation reactions were all performed on the beads in 20 mL reactions with rotation. Samples in the
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original, untreated mitotic-release time course were then reverse transcribed while bound to beads in 20 mL reactions and cDNAwas

eluted twice with 25 mL ddH2O by heating for 1min at 80�C, returning tubes to magnet, and collecting supernatant. Samples in the

DMSO/p300i time course were eluted from beads with TRIZOL following the 50 ligation, precipitated, and then reverse transcribed as

in Mahat et al. (2016). Test amplifications were performed on 5% of each library and fully amplified libraries were concentrated using

Monarch PCR clean-up columns (NEB, T1030S). Libraries were sequenced on an Illumina NextSeq500 for 75bp single end reads.

RNA-seq
Total RNA from 300,000 asynchronous cells per replicate was prepared with TRIZOL (Life technologies #15596018) following man-

ufacturer’s instructions. Libraries were generated by the Weill Cornell Genomics core facility using the Illumina TruSeq stranded

mRNA library preparation kit (#20020594) and sequenced on an Illumina HiSeq4000 platform on SE50 mode.

Hi-C
In situ Hi-C was performed as described previously (Rao et al., 2014). In brief, 2 million cells (per replicate per time point) were cross-

linked in 1% formaldehyde at RT for 10 minutes and quenched with 125mM glycine for 5 mins at RT. Cells were resuspended in lysis

buffer (10mM Tris-HCl (pH 8.0), 10mM NaCl, 0.2% Igepal CA630 (Sigma)) and chromatin was digested overnight with 100U MboI

(NEB, R0147M). Fragmented ends were labeled with biotin-14-dATP (Life Tech, 19524-016). Overnight ligation was performed using

2000U T4 DNA Ligase (NEB, M0202), and then samples were reverse cross-linked with Proteinase K (NEB, P8102). DNAwas ethanol

precipitated overnight, washed, and then sonicated in a Diagenode Bioruptor 300 (8 cycles, 30sec on/off, medium setting). SPRIse-

lect beads (Beckman Coulter, B23317) were used for a 300-500 bp size selection. Aliquots were removed after digestion, ligation,

sonication, and size selection and run on an agarose gel for quality control. Dynabeads MyOne Streptavidin T1 beads (Invitrogen,

65602) were used for biotin pulldown. Repair of fragmented ends was performed followed by dA-tailing. 1X NEB Quick Ligation Re-

action Buffer (NEB, B2200S) was used for ligation of SeqCap Adaptor Kit A (Roche, 7141530001) indexes. Library amplification was

performed directly off of the T1 beads using KAPA HiFi HotStart ReadyMix and primers (KAPA, KK2620) and 8 PCR cycles. Finally, a

1X cleanup was performed using SPRIselect beads. The Hi-C libraries were sequenced on an Illumina Hi-Seq 4000 platform for 50bp

paired-end reads. For the p300i and DMSO treatment experiments shown in Figures 6 and S6, Hi-C was performed using the Arima-

HiC kit (Arima, cat # A510008) and the KAPA Hyper Prep Kit (KAPA, cat # KK8502) according to manufacturer’s instructions.

4C-seq
For each sample, 2 million cells were crosslinked in 1% formaldehyde at RT for 10 min and quenched with 125 mM glycine for 5 min.

The cell pellets were washed twice in PBS and resuspended in 300 mL lysis buffer (10mM Tris-HCl (pH 8.0), 10mMNaCl, 0.2% Igepal

CA630 (Sigma I8896)), then incubated on ice for 20 min. Following centrifugation at 2500xg for 5 min at 4�C, the pellet was resus-

pended in 50uL of 0.5% SDS and incubated for 10 min at 65�C. SDS was quenched with 145uL ddH2O and 25uL of 10% Triton

X-100 for 15mins at 37�C. 25ul of CutSmart buffer (NEB B7204S) was added with 10ul DpnII enzyme (NEB R0543M) and the samples

were incubated overnight at 37�Cwith 700rpm rotation. After confirming the digestion efficiency, the enzymewas inactivated by incu-

bating at 65�C for 20 mins. The samples were then diluted with 669 mL ddH2O, 120 mL T4 ligation buffer (NEB B0202), 60 mL 10mM

ATP (NEB P0756S), 120 mL 10% Triton X-100, 6 mL 20mg/ml BSA and 5 mL 400U/ml T4 DNA Ligase (NEB M0202) for 3h on a rotor at

RT. The samples were then treated with proteinase K and reverse crosslinked overnight. Following RNase treatment, phenol/chlo-

roform extraction and DNA precipitation, the pellets were dissolved in 100 mL of 10mM Tris pH 8. The second digestion was per-

formed by adding 20 mL 10x buffer B (Fermentas), 10 mL Csp6I (Fermentas, ER0211), 80 mL ddH2O, and incubating overnight at

37�C with 700rpm rotation. After confirming the second digestion efficiency, the enzyme was again inactivated. Another ligation

was performed by adding 300 mL T4 ligation buffer, 150 mL 10mMATP, 5 mL T4 DNA Ligase, and ddH2O to 3mL and incubating over-

night at 16�C. The DNA was purified by phenol/chloroform extraction and ethanol precipitation, resulting in the 4C-template. For li-

brary preparation, primers were designed around the TSS were for each example gene according to criteria previously described

(Krijger et al., 2020). Library preparation was then performed using the inverse PCR strategy described in Krijger et al. (2020). Briefly,

200 ng of 4C-template DNA was used to PCR amplify the libraries using the Roche Expand long template PCR system (Roche,

11681842001). Primers were removed using SPRIselect beads (Beckman Coulter, B23317). A second round of PCR was performed

using the initial PCR library as a template, with overlapping primers to add the P5/P7 sequencing primers and indexes. The libraries

were sequenced on a HiSeq4000 in SE150 mode. All of the primer sequences can be found in Table S5.

H3K27ac ChIP-seq
ChIP-seq was performed as previously described (Liu et al., 2017b), with a few alterations. 5 million cells were used per replicate for

each time point. Cells were crosslinked in 1% formaldehyde at RT for 10minutes and quenched with 125mMglycine for 5mins at RT.

As a normalization control (Orlando et al., 2014), 5 million formaldehyde-fixed Drosophila nuclei were added to each sample. Cell

pellets were washed twice in PBS and resuspended in 300ul lysis buffer (10mM Tris pH8, 1mM EDTA, 0.5% SDS). Cells were son-

icated in a Pico bioruptor device (10 cycles 30sec on/off,) and spun down 10 minutes at 4�C at maximum speed. 5% of each sample

was aliquoted and frozen to later use as input. Supernatants were diluted 5 times with dilution buffer (0.01%SDS, 1.1% triton,1.2mM

EDTA,16.7mM Tris pH8, 167mMNaCl) and incubated with H3K27ac antibody (3ug/10M total cells) (ab4729) O/Nwith rotation at 4�C.
Next day, protein G Dynabeads (ThermoScientific), preblocked with 1mg/ml BSA protein, were added (30ul Dynabeads per sample)
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and incubated for 3.5 hours at 4�C. Beads were immobilized on a magnet and washed twice in low salt buffer (0.1% SDS,1% triton,

2mMEDTA, 150mMNaCl, 20mMTris pH8), twice in high salt buffer (0.1%SDS,1% triton, 2mMEDTA, 500mMNaCl, 20mMTris pH8),

twice in LiCl buffer (0.25M LiCl, 1% NP40, 1% deoxycholic acid (sodium salt), 1mM EDTA, 10mM Tris pH8) and once in TE buffer.

DNA was then eluted from the beads by incubating with 150ul elution buffer (1% SDS, 100mMNaHCO3) for 30 minutes at 65�C (vor-

texing every 10min). Supernatants were collected and reverse-crosslinked by incubation at 65�C O/N in presence of proteinase K.

After RNase A treatment for 1hr at 37�C, DNAwas purified using a ZYMOKit (D4014). 25ng of immunoprecipitated material and input

were used for ChIP-seq library preparation using the KAPA Hyper prep kit (KK8502) according to manufacturer’s instructions. Li-

braries were sequenced on an Illumina NextSeq2000 platform on SR100 mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

ATAC-seq analysis
Bowtie 2 aligner (v2.2.6) (Langmead and Salzberg, 2012) with the following parameters –very-sensitive -X 2000 was used to map raw

sequencing data on mm10 genome while filtering of duplicate reads and low quality reads (Q < 20) was performed with the use of

picard tools (MarkDuplicates command, v2.12.2) (Picard) and samtools (v1.8) (Li et al., 2009). All reads in Blacklisted genomic regions

and chrM were removed from downstream analysis. Filtered paired-end reads were corrected for tn5 insertion position at each read

end by shifting +4 /�5 bp from the positive and negative strand respectively. Peak calling was performed in themerged aligned reads

from all time points in order to build an accessibility genome atlas (ATAC ATLAS) for the PSC cell cycle with the use of MACS2 peak

calling algorithm (v2.1.1) (Zhang et al., 2008). Visualization of sequencing data on the IGV browser (Robinson et al., 2011) was per-

fomed with the use of bedGraph and BigWig files generated with the use of bedtools (genomeCoverageBed) (Quinlan and Hall, 2010)

and bedGraphToBigWig command. All files displayed were normalized to sequencing depth and RPM (reads per million) values were

generated for each BigWig file. Identification of ‘‘retained’’ and ‘‘lost’’ accessible sites was performed with the use of intersectBed for

all accessible sites in mitotic and asynchronous after peak calling with MACS2.

PRO-seq analysis
Sequencing of PRO-seq in single-end 75bp fragments was performed for each time point. Cutadapt (v1.4.2) (Martin, 2011) was used

in order to trim adaptors from sequenced reads and keep only the first 25bp of each read. Trimmed sequencing data were aligned

with the use of bowtie 2 aligner in both Drosophila (Dm6 version) and mouse genome (mm10 version). All reads that mapped to ri-

bosomal RNA were excluded from the adaptor-filtered files and the remaining reads were first mapped to the Drosophila genome

and the unmapped reads were isolated and aligned to the mm10 mouse genome. All aligned files were filtered for low quality reads,

and reads that were mapped in blacklisted regions and chrM. Only uniquely aligned reads on the mappable genome (Umap 24 bp)

were used to calculate the percentage of aligned reads in each replicate. For downstream analysis we used all protein coding genes

from ensemble GRCm38.95 version while gene expression was calculated based on the number of reads within the gene body after

discarding the first and last 500bp [TSS + 500bp, TES �500bp] in order to avoid getting signal from the promoter and transcription

end site which are usually rich in PRO-seq signal. Based on the number of cells used for each experiment and the mapped reads in

Drosophila genome (in millions) we normalized gene expression levels after scaling all reads to the sample with the minimum

sequencing depth (Table S1) and then normalized to the size of the gene (Kb). Normalized RPKM values were used for downstream

analysis for more than 14,000 protein coding and long non-coding genes that were found to be expressed (normalized RPKM>= 1) at

least in one of the 4 time points.

The same analysis steps were applied for the PRO-seq experiments with p300i or DMSO (presented in Figures 6 and S6). An addi-

tional scaling factor was also applied to normalize data across different runs and account for batch effects. In order to calculate the

transcriptional changes per time-point we generated percentage of transcriptional decrease based on the following formula:

100*(p300i(t) – DMSO(t))/DMSO(t), where (t) stands for each time-point. Differential analysis of genes per time-point was conducted

with the use of DESeq algorithm (Anders and Huber, 2010), comparing each p300i-treated sample to the respective DMSO. Only

genes with more than 20% of transcriptional changes and p-adjusted lower than 0.05 were considered as transcriptionally affected

by p300i (DEGs).

TRE and eTRE identification
Detection of regulatory elements (TRE) was performed in the merged PRO-seq aligned reads from each time point with the use of

dREG algorithm (Danko et al., 2015; Wang et al., 2019). All identified TREs were extended ± 100bp from both ends and those that

were included in a region ± 1kb from any transcript were discarded from the downstream analysis. The remaining TREs were iden-

tified as enhancer TREs (eTRE) and their expression levels were calculated as in PRO-seq analysis with the only difference of the size

normalization which covered the whole eTRE region.

RNA-seq analysis
TopHat2 (Kim et al., 2013) with default setting for paired end data was used to align the data to the mouse genome (mm10) and sam-

tools for transforming the file formats, filtering low quality reads and sorting the paired end reads. HTseq-count (Anders et al., 2015)

on mapped reads was used to calculate the raw counts per transcript and additional RPKM normalization was performed in R.
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Hi-C analysis
HiCexplorer (v1.8) (Ramı́rez et al., 2018) was used to analyze the 50b paired-end reads generated for Hi-C experiments in asynchro-

nous, mitotic cells and cells in Early and Late G1 phase. Bowtie2 aligner was used to align each pair independently and HiCexlorer

tools hicBuildMatrix, hicNormalize and hicCorrectMatrix were utilized in order to construct the 20kb HiC matrices, normalized for

sequencing depth and perform iterative correction method (ICE) normalization (Imakaev et al., 2012). The same algorithms were

used for analyzing p300i treated and untreated asynchronous, asynchronous +1h, mitotic and Early G1 phase cells. Both .h5 files

and .hic files for visualizing Compartments, TADs and loops were generated with the use of HiCExplorer and juicer_tools (version

1.19.02) (Durand et al., 2016) pre-command in multiple resolutions. Custom scripts, hicConvertFormat, and juicer tools were used

for the conversion of .h5 to .hic files.

Compartment analysis
In addition to 20kb normalized matrices, 100kb matrices were generated with the use of hicMergeMatrixBins in order to visualize

larger chromatin structures. Compartment identification was performed with the use of Cscore algorithm (v1.1) (Zheng and Zheng,

2018) for each replicate and chromosome separately with the use of the following parameter minDis = 1000000. All compartments

were assigned to active (A) and inactive (B) compartments based on gene density in each 100kb region.

TAD analysis
Matrices in 20kb resolution were used to identify topologically associated domains (TADs) with hicFindTADs and the use of the

following parameters, ‘‘–minDepth 120000–maxDepth 420000–step 40000–delta 0.01–thresholdComparisons 0.01–correctForMul-

tipleTesting FDR.’’ Boundaries calculated in each replicate were merged and only boundaries with an insulation score < �0.3 were

considered as TAD boundaries for that time point. TAD domain score was calculated as described in Stadhouders et al. (2018).

Chromatin contact analysis
Cis-chromatin interactions were calculated for each replicate with the use of Fit-Hi-C (v1.1.0) (Ay et al., 2014) with the use of the

following parameters ‘‘-r 20000 -L 40000 -U 10000000.’’ Only loops that were common in both replicates with a q-value < 0.01

and more than 5 contacts were scored as valid loops, which resulted in 52,489 called contacts. In order to increase stringency of

our called loops we focused on the common loops between our dataset and deep-sequenced Micro-C from mouse ESC cells

(GSE130275) (Hsieh et al., 2020). HiCCUPS (juicer_tool version 1.19.02) was applied on the 2.6B billion .hic matrix provided by

GEO and more than 23,000 contacts were called in the mESCMicro-C. Overlap of the two datasets after extending newly called Mi-

cro-C loops by one 10kb bin led to a group of 14,091 highly-confidence contactswhichwe used for all downstream analyses. Contact

strength per time point was calculated based on the normalized Hi-C reads, while different kinetics of loop reestablishment was esti-

mated after k-means clustering of the z-transformed normalized Hi-C reads across all time points. Enrichment analysis of previously

published data with LOLA (Sheffield and Bock, 2016) was performed on the accessible sites that overlappedwith the anchors of each

loop cluster. APA plots and APA metrics at 10kb resolution were generated with Juicer with the following parameters ‘‘apa -w 10 -r

10000.’’ Aggregate signal from ± 10 bins around both anchors for each loop was plotted as a heatmap in R.

Virtual 4C
We used filtered Hi-C read pairs as described above and in Di Giammartino et al. (2019) before binning and normalizing each repli-

cate. We extracted read pairs from the 10kb bin that the read mate maps around the virtual viewpoint. We defined successive over-

lapping windows for each chromosome at a 10kb resolution, overlapping by 90% of their length. We then counted the second

mapped read mate in all overlapping bins. Read counts were normalized to the total sequencing depth of the respective replicate.

Visualization was done using normalized read counts per condition.

4C-seq analysis
All sequenced reads were demultiplexed with the use of fastx-toolkit while VP primer was trimmed with the use of fastq_trimmer. Only

reads containing the RE site next to the VP were considered for analysis. Bowtie2 with very-sensitive option was used for aligning the

trimmed reads (size > 40bp) to the mouse genome (mm10) while samtools was used to filter for high quality uniquely mapped reads.

Smoothening of the 4C signal was performed by calculating the number of raw readswithin the 10kb binnedgenomewith a slidingwin-

dowof500bp followedbysequencingdepthnormalizationof thecis interaction identifiedaround theviewpoint (+/�1MB).RandDESeq

were used to depict thedifferential enrichment between the slidingwindows and binswith an enrichment of > 3CPM, pvalue < 0.05 and

fold>2betweenany two timepointswerescoredasdifferential interacting regions.Significantbinsper timepointweremergedandonly

interactions with more than 3 bins were scored as interaction regions. Interacting regions that were less than 1kb were discarded.

ChIP-seq enrichment analysis
Enrichment analysis of previously published data in ESC cells was performed with LOLA (Sheffield and Bock, 2016). For gene and

loop clusters the enrichment analysis was performed on the accessible sites that overlapped with the promoter (TSS+/�2.5kb) or

with either of the anchors. All the accessible sites (ATAC ATLAS) identified in the time course were used as a background set and

transcription factors or histone modifications with a ‘-log10(p value) > 30 were considered significant and presented in the heatmaps.
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ChIP-seq analysis of H3K27ac DMSO/p300i dataset
All reads were first aligned to Drosophila genome (DM6) with bowtie2 aligner, followed by filtering of low quality reads (q > 20), du-

plicates, chrM and blacklisted regions with the use of samtools, picard tools and bedtools. All unaligned reads were exported and

mapped to the mouse genome (mm10 genome version) followed by the same analysis steps. MACS2 with default settings was used

to call H3K27ac peaks. The new mitotic and asynchronous peaks were then overlapped with previous published peaks (GSE92846)

and the common ‘‘Retained’’ and ‘‘Lost’’ H3K27ac peaks were used for downstream analysis. All mouse reads were normalized to

Drosophila reads and bigWig fileswere generatedwith the use of deepTools (version 3.5.0) (Ramı́rez et al., 2016) and bigWigCompare

tool. For all replicates per time-point, ChIPwas normalized to the corresponding input and deeptools were utilized to calculate enrich-

ment of ChIP signal around bookmarked regions.

ChIP-seq analysis of published data
We used the following published ChIP-seq datasets from asynchronous/interphase and mitotic mouse ESCs GSE75066 (ESRRB),

GSE122589 (OCT4, SOX2), GSE131356 (CTCF), GSE109962 (TBP), GSE92846 (KLF4, H3K27ac). When possible, ChIP-seq datasets

that had utilized DSG fixation were used (OCT4, SOX2; Festuccia et al., 2019), as this has been shown to capture mitotic TF binding

better than traditional formaldehyde fixation (Festuccia et al., 2019; Teves et al., 2016). After merging individual replicates and

respective inputs, all data were mapped to mm10 with bowtie2 and–local –very-sensitive-local option. Filtering of low-quality map-

ped reads and duplicate removal was performed with samtools and picard tools while additional filtering of mm10 black-regions was

done with bedtools. MACS2with default settings was used to call peaks inmitotic and in asynchronous/interphase cells. Intersection

of called peaks in these 2 cell states led to the classification as Retained or Lost peaks for each transcription factor and histone

modification.

Gene ontology and pathway analysis
David knowledgebase (Dennis et al., 2003) was used for annotating transcripts to biological process and signaling pathways. EN-

SEMBL transcript ids were used as an input. Only processes and pathways with a corrected (Benjamini) p value < 0.01 were consid-

ered significant. For assigning biological processes and pathways to genomic regions (for eTRE clusters) we used GREAT analysis

software (v3.0.0) (McLean et al., 2010) with the use of the ‘Basal plus extension’ option and with 2.5kb proximal upstream, 1kb prox-

imal downstream and distal 250kb parameters. Only processes and pathways with Hyper FDR Q-value < 0.05 were considered

significant.

Assigning gene-eTRE pairs for enrichment analysis
We paired genes and eTREs with two different approaches.

1. Distance: eTREs were assigned to genes in a distance ± 20kb from the TSS of gene. If multiple eTREs were within ± 20kb, the

closest eTRE was assigned to the gene. A total of 4779 gene-eTRE pairs were used for this analysis.

2. Chromosomal interactions: All HiChIP loops (10kb resolution) that were common in two different ESC cell lines (Di Giammartino

et al., 2019) were used to pair genes and eTREs. Loops with a unique eTRE in only one of the two anchors and at least one TSS

in the looped anchor were scored as eTRE-gene loops. A total of 12411 gene-eTRE pairs were used for this analysis.
Statistical methods
All median comparisons were performed with the use of two-sided Wilcoxon’s rank sum test. P values and summary statistics for all

variables tested are provided in Table S6. K-means with default settings (‘‘Hartigan-Wong’’ algorithm) was performed in R (3.4.4

version) for Hi-C and 4C-seq using the average normalized values from the two replicate experiments for each time point. Two-sided

Fisher’s exact test was used to calculate significance of enrichment between various groups of eTREs, genes, loops, ATAC-seq

peaks, H3K27ac ChIP-seq peaks, TBP ChIP-seq peaks, and CTCF ChIP-seq peaks. In the enrichment plots, size of dots indicates

significance of the enrichment while color indicates Observed over Expected ratio. Comparison of the distribution of different gene

clusters around boundaries was performed in R with the use of Kolmogorov-Smirov test. Median and their corresponding 95% con-

fidence interval was calculated in Rwith the use of ‘‘DescTools’’ library. Identification of differential compartments, TADdomains, and

TAD boundaries was performed in R with the use of Welch’s t test between DMSO and p300i treated replicates at each time-point.

Only regions with a difference of at least 0.2 (compartments), 0.1 (domains), and 0.05 (boundaries) and p value < 0.01 were consid-

ered significantly affected after p300 inhibition.
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