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Symmetricinheritance of parental histones
governs epigenome maintenance and
embryonicstem cellidentity
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Modified parental histones are segregated symmetrically to daughter

DNA strands during replication and can be inherited through mitosis.

How this may sustain the epigenome and cell identity remains unknown.
Here we show that transmission of histone-based information during DNA
replication maintains epigenome fidelity and embryonic stem cell plasticity.
Asymmetric segregation of parental histones H3-H4 in MCM2-2A mutants
compromised mitotic inheritance of histone modifications and globally
altered the epigenome. This included widespread spurious deposition of
repressive modifications, suggesting elevated epigenetic noise. Moreover,
H3K9me3 loss at repeats caused derepression and H3K27me3 redistribution
across bivalent promoters correlated with misexpression of developmental
genes. MCM2-2A mutation challenged dynamic transitions in cellular states
across the cell cycle, enhancing naive pluripotency and reducing lineage
primingin G1. Furthermore, developmental competence was diminished,
correlating with impaired exit from pluripotency. Collectively, this argues
that epigenetic inheritance of histone modifications maintains a correctly
balanced and dynamic chromatin landscape able to support mammalian cell
differentiation.

During development, cellular specificationis established graduallyin  extracellular signaling, transcription factors and chromatin regu-
the backdrop of multiple mitotic cell divisions. This process requires  lators'>. Notably, cell-fate trajectories and cellular identity can be
theinactivation of early developmental cell states in favor of progres- maintained across generations, in part through epigenetic regula-
sive activation of defined lineage-specific cell types, orchestrated by  tion**. Histone post-translational modifications (PTMs) are attractive
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mediators of epigenetic cellmemory® %, but the role of histone-based
inheritance in governing the identity of mammalian cells remains a
longstanding question.

DNA replication disrupts chromatin on the parental DNA strand,
and nucleosomes are rapidly reassembled on daughter DNA strands
from old parental histones and new largely unmodified histones®’.
Parental histones H3-H4 are recycled with their PTMs to the two
daughter DNA strands, accurately’®? and largely symmetrically™ ™,
by the DNA replication machinery. MCM2, part of the CDC45-MCM2-
7-GINS (CMGQG) helicase, and DNA polymerase « recycle parental his-
tones H3-H4 to the lagging strand™'*', and DNA polymerase epsilon
subunits POLE3/POLE4 promote recycling to the leading strand™*.
Following deposition, new naive histones are modified with PTM-and
locus-specific kinetics to restore pre-replication PTM levels'* in a
manner thought tobe stimulated by modifications on recycled parental
histones’ '8, Whereas H3K4me3, associated with active transcription,
israpidly restored to pre-replication levels, restoration of the repres-
sive modifications H3K27me3 and H3K9me3 is slow and continues
after mitosis in daughter cells''”?, Positive feedback can contribute
to the propagation of H3K27me3 and H3K9me3 through read-write
mechanisms®”*, where modified parental histones stimulate similar
modification of neighboring new histones, for example, by allosteric
activation of PRC2 and SUV39h1/SUV39h2 (refs.22,24,26).In addition,
crosstalk between modifications'® both on H3-H4 and H2A-H2B”
might also contribute with both negative and positive feedback to
post-replication chromatin restoration. Recycling of parental histones
toboth daughter strands s thus predicted to underlie the propagation
of histone PTMs to daughter cells, whichin turnis thought to maintain
daughter cellidentity®>***°, Asymmetric recycling of parental histones
impairs the silencing of some repetitive regions in yeast”**° and mouse
embryonic stem cells (ESCs)*. Furthermore, asymmetric recycling of
parental histones may underlie the unbalanced transmission of new
and old histones to daughter cells during asymmetric divisions of
Drosophila germline stem cells*-*?, which is proposed to guide distinct
cell-fate trajectories. However, the significance of symmetric histone
segregation for epigenome inheritance remains unclear and the epi-
genetic function of histone PTMs in shaping cell identity is debated.
Here we explore the consequences of asymmetric parental histone
segregation during DNA replication for histone PTM inheritance and
maintenance, genome regulation and pluripotent cell identity. We
use mouse ESCs carrying two mutations inthe MCM2 histone-binding
domain (MCM2-2A), which cause asymmetric parental histone recy-
clingto the leading strand without affecting DNA replication™ (Fig. 1a).

Results

Imbalanced inheritance of histone PTMs in MCM2-2A mutants
InMCM2-2A ESCs, parental histone PTMs are strongly enriched onthe
leading strand shortly after DNA replication, creating alternating pat-
terns of parental and new histones along eachssister chromatid™ (Fig. 1a).
Parental histones are not lost at replication forks but rerouted from
thelaggingtotheleading strand, asthe gradual dilution of old histones
and the incorporation dynamics of new histones across the cell cycle
areunaltered (Extended DataFig.1a,b). Inaddition, MCM2-2A mutants
showed similar growth rates and cell cycle distribution as wild-type
(WT) cells (Extended Data Fig.1c,d)™. To address the effect of asymmet-
ric recycling on histone PTM inheritance during mitosis, we followed
sister chromatid asymmetry post-replication and into daughter cells by
sister chromatids after replication (SCAR)-seq. In SCAR-seq, replicat-
ing DNA is labeled with a short 5-ethynyl-2’-deoxyuridine (EdU) pulse
before sequential native chromatinimmunoprecipitation (ChIP) and
EdU pull-down followed by strand-specific sequencing™. We performed
pulse-chase SCAR-seq of H3K27me3, H3K4me3 and H3K27ac to track
asymmetryonnascentchromatin (O h),inlateSphase/G2phase (3 h)and
after mitosisin daughter cells (8 h; Fig. 1b and Extended DataFig. 1e,f).
As expected for modifications on parental histones™', H3K27me3

showed astrong leading strand bias in nascent chromatin of MCM2-2A
cells (Fig. 1c and Extended Data Fig. 2a-d). This asymmetry decreased
over time, demonstrating that the establishment of H3K27me3 takes
place on the lagging strand despite a strongly reduced contribution
of neighboring parental histones. However, substantial H3K27me3
asymmetry was present 8 h post-replication in daughter cells (Fig. 1c
and Extended Data Fig. 2a-e), indicating that de novo establishment
fails to compensate for the strong asymmetry generated during replica-
tion. This is likely explained by reduced allosteric PRC2 activation on
thelagging strand along with the generally slow kinetics of H3K27me3
establishment on new histones'”.

H3K4me3 was also segregated asymmetrically to the leading
strand in MCM2-2A cells (Fig. 1d and Extended Data Fig. 2f-i), demon-
strating that parental histones in active chromatin are also recycled
during DNA replication. In contrast to H3K27me3, balanced H3K4me3
occupancy was restored within 3 h and thus before mitosis. This is
consistent with the rapid restoration kinetics of H3K4me3 (ref. 10)
associated with transcription restart® and suggests that an epigenetic
contribution fromrecycled parental histonesis not critical to restore
H3K4me3 levels.

In contrast to H3K27me3 and H3K4me3, H3K27ac showed alagging
strand bias in MCM2-2A nascent chromatin similar to new histones™
(Fig. 1e and Extended Data Fig. 3a-e). This argues that the majority of
H3K27ac in nascent chromatin is found on new histones and not on
recycled parental histones. New histones are not modified by H3K27ac
pre-deposition**, but H3K27ac has been proposed to occur on new his-
tones in nascent chromatin®. Consistent with this, the lagging strand
biasin nascent chromatin was present genome-wide and not restricted
to H3K27ac-marked regions like enhancers (Extended Data Fig. 3f).
The degree of H3K27ac asymmetry increased during the first-hour
post-replication before resolving gradually (Fig. 1e and Extended Data
Fig. 3a-f), reflecting a transient post-replication wave of H3K27ac
modifications on new lagging strand histones. MCM2-2A cells showed
H3K27ac asymmetry even 8 h post-replication, underscoring that the
unbalanced distribution of new and old histones translates into defects
inchromatin restoration that propagate to daughter cells. Consistent
withdistinct chromatin states on the two strands, we observed a small
but consistent asymmetry in MNase accessibility biased toward the
lagging strand throughout the time course (Extended Data Fig. 3g—i).
Collectively, thisdemonstrates that abalanced contribution of parental
and new histones on newly synthesized DNA strands is required for
proper chromatinrestoration and symmetric inheritance of the histone
PTM landscape to daughter cells.

Asymmetric histone segregation reconfigures the epigenome

Toreveal global changes in histone modificationsin MCM2-2A ESCs, we
quantified histone H3-H4 methylation and acetylation levels by mass
spectrometry (MS; including H3K4mel/H3K4me2/H3K4me3/H3K4ac,
H3K9mel/H3K9me2/H3K9me3/H3K9ac, H3K14/H3K18/H3K23ac,
H3K27mel/H3K27me2/H3K27me3/H3K27ac, H3K36mel/H3K36me2/
H3K36me3/H3K36ac, H3K79mel/H3K79me2/H3K79me3/H3K79ac and
H4acl/H4ac2/H4ac3/H4ac4 and H4K20mel/H4K20me2/H4K20me3).
Overall, changes in histone PTM levels were modest, although there
was a general trend toward reduced acetylation and gain of methyla-
tion (Extended Data Fig. 4a-f). IfH3K9me3 and H3K27me3 propagate
only through read-write mechanismsin absence of establishment acti-
vity, themodifications would be lost across successive cell divisionsin
MCM2-2A cells. This was not the case with respect to global levels, rather
MCM2-2A cells showed an unexpected gain of H3K27me3 (Fig. 2a).
We thus explored changes in histone PTM occupancy and included a
rescue cell line (MCM2-R) with the MCM2-2A mutations reverted to
WT sequence to separate direct effects of defective histone recycling
from clonal differences and new stable epigenetic states that might
arise in MCM2-2A cells. Notably, symmetric histone recycling was
restored in MCM2-R cells (Fig. 2b), and the global gain of H3K27me3
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Fig.1|Symmetric segregation of parental histones is required for the
balanced inheritance of histone PTMs to daughter cells. a, lllustration of
asymmetric segregation of parental histones H3-H4 to leading strand in MCM2-
2AESCs' and how this could challenge histone PTM inheritance and daughter
cell function. b, Design of SCAR-seq pulse-chase experiments. c-e, Average
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in1-kb windows around replication initiation zones. Partition is calculated as

the proportion of forward (F) and reverse (R) read counts ((F- R)/(F + R))™.
n=number of initiation zones. Replication fork directionality in WT cells™*
measured by Okazaki fragment sequencing (OK-seq)® is shown for comparison.
The average of two biological replicates is shown (see Extended Data Figs. 2and 3
forindividual replicates in two MCM2-2A clones).

was rescued (Fig. 2c). Toaccurately dissect genome-wide changes in his-
tone PTM occupancy, we used a window-based quantitative approach
as H3K27me3 showed elevated signal outside peaks in MCM2-2A cells
that influenced peak calling (Extended Data Fig. 5a). The H3K27me3
signal wasredistributed from high/medium-level regions to low-level
regions, and this was rescued in MCM2-R cells (Extended Data
Fig.5b). Theincrease inlow-level H3K27me3 was most pronounced in
early replicating regions (Fig. 2d and Extended Data Fig. 5c), includ-
ing H3K36me2/H3K36me3-marked intergenic and gene body regions
(Fig.2e and Extended Data Fig. 5d) where H3K27me3 gain was mirrored
by loss of H3K27ac (Extended DataFig. Se). This suggests that H3K27me3
spreading in part reflects lack of negative feedback® from other his-
tone PTMs such as H3K36me2/H3K36me3 (refs. 36-39) and H3K4me3
(refs.18,38,40) that are also asymmetrically segregated (Fig. 1d; ref. 14)
and thus depleted on the blank lagging strand in MCM2-2A cells.
Inadditionto theincreased genome-wide low-level signal, MCM2-
2A cells showed changes in H3K27me3 distribution across H3K27me3
domains, mainly at promoters, and this was rescued in MCM2-R
cells (Fig. 2f,g). Overall, gains were larger in magnitude than losses
(Extended Data Fig. 5f), arguing that the global H3K27me3 increase
results from both unscheduled genome-wide increase and gains in
H3K27me3 domains. Binding of the PRC2 subunit SUZ12 was also
increased (Extended Data Fig. 5g), and H3K27me3 gain at promoters
correlated with SUZ12 gain (Fig. 2h). Overall, SUZ12 binding sites were
maintained in MCM2-2A cells (Extended Data Fig. 5h), but there was a
redistribution from high-occupancy sites to lower-occupancy sites
(Fig. 2i). This argues that asymmetric segregation of histonesimpacts

on SUZ12 occupancy, and we thus investigated SUZ12 recruitment
post-replication by SCAR-seq. SUZ12 was recruited to newly replicated
DNAina highly symmetrical mannerin WT cells but showed amodest
lagging strand biasin MCM2-2A cells, despite H3K27me3 segregation to
theleading strand (Fig. 2j and Extended Data Fig. 5i). Therefore, PRC2is
notrecruited by H3K27me3 post-replication, consistent withitsinter-
action with chromatin beinglargely independent of H3K27me3 binding
(refs. 41,42) and mediated in part by DNA****, Nonetheless, parental
histone segregationinfluenced SUZ12 recruitment post-replicationina
manner that favored binding on the blank lagging strand. Collectively,
this argues that symmetric histone recycling limits H3K27me3 noise
across the genome and focuses PRC2 activity toward high-occupancy
sites that are generally cell-type specific.

H3K9me3 occupancy was also altered in MCM2-2A cells with
redistribution from high-level regions to medium/low-level regions
(Extended DataFig. 6a). The low-level H3K9me3 signal increased mainly
in the late-replicating genome where H3K9me3 is normally enriched
(Fig. 3a and Extended Data Fig. 6b), suggesting an increase in spo-
radicH3K9me3 depositionrestricted by compartments. In addition to
spreading outside peaks, MCM2-2A cells also showed aredistribution of
signalacross H3K9me3 occupancy sites found in WT cells, withastrong
trend toward gainsin late-replicating regions (Extended DataFig. 6¢,d).
These changes were in part drivenby amajorloss fromrepetitive regions
and a concomitant gain in the nonrepetitive genome, illustrated by a
redistribution of multimapping reads to unique reads (Fig. 3b) while
the total H3K9me3 levels were maintained (Fig. 2a). H3K9me3 loss
across repeats was most prominent for the long terminal repeat (LTR)
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signalin 5-kb bins outside WT peaksin early replicating regions. n = 3 biological
replicates. Two-sided Wilcoxon signed-rank test. Box plots asin a. e, H3K27me3
signal overlapping WT H3K36me3 peaks. n = 3 biological replicates. Two-
sided Wilcoxon signed-rank test. Box plots as in a. f, H3K27me3 differential
occupancy (DO) in MCM2-2A#2 versus WT in 5-kb bins overlapping H3K27me3

WT peaks (top) and bar plot showing rescue in MCM2-R 2 (bottom). Significant
DO bins (red), False discovery rate (FDR) < 0.1, Bayes quasi-likelihood F test
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subfamilies are labeled. *indicates the number of rescued H3K9me3 repeat
subfamilies. d, Differential repeat expression between MCM2-2A#2 and WT.
Significant subfamilies [log,(FC)| > 0.58, FDR < 0.01, Wald test (Supplementary
Methods) are colored according to repeat family. n = 4 biological replicates.

e, Correlation of RNA and histone PTM changes (log,(FC) MCM2-2A#2/WT) for
repeat subfamilies with a significant change in RNA or histone PTMs (n =124;
FDR < 0.01). Two-sided Pearson’s correlation coefficient (R) with Pvalue. Error
bands, confidence intervals around the mean. FC, fold change.

families ERVK and ERV1 (Fig. 3c and Extended DataFig. 6e), and several
of these repeat subfamilies were upregulated (Fig. 3¢,d and Extended
Data Fig. 6f), consistent with a previous study'®. H3K9me3 loss did
not always cause derepression (Fig. 3¢, cluster 4) likely due to DNA
methylation**® or lack of activating input. Upregulated repeats over-
lapped substantially with repeat expression in cells lacking SUV39h1/
SUV39h2 (ref.47) and SETDBI (ref. 48; Extended DataFig. 6g), although
abroader range of repeats is deregulated upon SETDB1-KO. Moreo-
ver, repeat expression correlated with loss of H3K9me3 and gain of
active histone modifications (Fig. 3e and Extended Data Fig. 6h). Sur-
prisingly, gain of H3K27me3 also correlated with repeat expression
(Fig.3c,e, cluster1band cluster 2), suggesting cells attempt to compen-
sate for H3K9me3loss as described in other settings*. Notably, the loss
of fidelity in the H3K9me3 landscape was fully rescued in MCM2-R cells
(Fig.3aand Extended DataFig. 6a-c), including H3K9me3 repeat silenc-
ing (182/182 repeat subfamilies with H3K9me3loss/rescued; 32/32 repeat
subfamilies upregulated/rescued; Fig. 3b—d and Extended Data Fig. 6i,j).
Collectively, thisindicates that histone recyclingis required to maintain
H3K9me3 in repressed repetitive regions and reduce unscheduled
H3K9me3 in the unique genome. The latter might reflect less engage-
ment of H3K9me3 enzymes in read-write activity at repetitive regions,
liberating more enzymes to act spuriously in the Bcompartment.

Asymmetric histone recycling challenges bivalent genes

Todissect how chromatinalterationsin MCM2-2A cells affect gene regu-
lation, we focused on differential histone PTM occupancy at promoters.
Loss and gain of H3K27me3 across promoters correlated inversely with
changesingene expression (Fig.4a), while differential H3K9me3 occu-
pancy did not. Thelatter is consistent with H3K9me3 loss in repetitive
regions, and H3K9me3 gain mainly in the repressed B compartment
(Extended DataFig. 6d). Differential gene expression correlated posi-
tively with changes in active modifications (Fig. 4a). However, given that
transcriptionis highly predictive for these modifications, itis difficult
to establish cause and effect here’**'. We, therefore, focused on all
promoters showing differential occupancy (DO) of H3K27me3 (Fig. 2g)
to understand the relationship to differential gene expression. These
promoters were enriched for bivalent®> chromatin states marked by
H3K4me3 and H3K27me3 (Fig. 4b). Bivalent promoters showed both
loss and gain of H3K27me3, with gains occurring at promoters charac-
terized by H3K27ac and lower H3K27 methylation levels (meland me2;
Fig. 4b). Consistent with this, unbiased clustering showed H3K27me3
redistribution from promoters with high SUZ12/H3K27me3 to
lower-occupancy promoterswithmore H3K27acand H3K4me3 (Fig.4b,c
and Extended Data Fig. 7a). The redistribution was not a re-allocation
between CpG islands (CGI) and non-CGI promoters (Fig. 4b,c).
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Collectively, this implies that asymmetric histone segregation chal-
lenges the balance of active and repressive modifications at bivalent
promoters. Differential H3K27me3 occupancy correlated inversely
with transcription for most, but not all, clusters, and H3K27me3 loss
was associated with the gain of H3K27ac (Fig. 4c and Extended Data
Fig. 7b,c). This argues that changes in H3K27me3 in part underlie
differential gene expression in MCM2-2A cells. In agreement, genes
upregulated in MCM2-2A and SUZ12-KO cells* overlapped substantially
(Extended DataFig. 7d).

Next, we focused more broadly on differentially expressed (DE)
genesin MCM2-2A cells. We identified 800 DE genes, which were largely
rescued in MCM2-R cells (93%, 747/800; Fig. 4d and Extended Data
Fig.7e) consistent with re-establishment of H3K9me3 and H3K27me3
landscapes uponrestoration of symmetric histone recycling (Figs. 2c-f
and3b-d and Extended Data Figs. 5Sb—d and 6a-c,i). Moreover, similar
gene expression changes were observed across multiple MCM2-2A
clones (Extended Data Fig. 7f-i). Toidentify chromatin states sensitive
to asymmetric recycling, we performed a chromatin-state analysis of
DEgenesin WT cells. DE genes were depleted for active states marked
by both H3K4me3 and H3K27ac (Fig. 4e), arguing that histone recy-
cling has alimited impact on active genes. However, upregulated and
downregulated genes were strongly enriched for bivalent chromatin
states (Fig. 4e), asexpected from the DO of H3K27me3 at these promot-
ers (Fig. 4b,c). Accordingly, developmental processes were enriched
among DE genes (Extended Data Fig. 7j k). Upregulated genes were also
enriched for repressed chromatin states and included reproduction

and 2-cell-like cell (2CLC) gene signatures (Fig. 4d,e and Extended
Data Fig. 7j-1). The loss of H3K27me3, not H3K9me3, was predictive
for upregulation, while the gain of H3K27me3, not H3K9me3, was pre-
dictive for downregulation (Fig. 4f). This supports that DE is linked to
H3K27me3 changesin promoters. Furthermore, derepressed repeats
were enriched in proximity to about 5% of the upregulated genes
(odds ratio =2.7, P=1x107%; two-sided Fisher test), including Thx3,
Serpina3m and 2CLC genes like Zscan4 and Cyp2b23 (Fig. 4g). This
suggests thatloss of H3K9me3 contributes to gene expression changes
inMCM2-2A cellsthroughactivation of repeats, as previously described
for SETDBI1-KO cells*® and regulation of pluripotency factors and
2CLC genes* ™,

To test whether DE in MCM2-2A mutants is caused by asymme-
tric histone segregation or other potential functions of MCM2 his-
tone binding, including interaction with other chaperones like ASF1
(refs. 57,58), we generated POLE4 knockout (KO) ESCs (Extended
Data Fig. 8a,b). As expected'®, these mutants showed asymmetric
segregation of parental histones toward the lagging strand, oppo-
site to the leading strand bias of MCM2-2A cells although with lower
amplitude (Extended Data Fig. 8c,d). In accordance, POLE4-KO cells
showed similar, although less pronounced, gene expression changes
as MCM2-2A cells, including upregulation of repeats and 2CLC
genes (Fig. 4h and Extended Data Fig. 8e-i). Collectively, this argues
that symmetric histone recycling is required to maintain proper
H3K27me3 regulation of bivalent genes and H3K9me3-mediated
repeat repression.
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Fig. 6| MCM2-2A mutation impairs embryonic differentiation.

a, Representative immunofluorescence (IF) images of neuronal differentiation
(day7).Scalebar, 70 um. b, Bar plots depicting mean + standard deviation (s.d.)
of PECAM-1-positive cells quantified by flow cytometry at day 7 of neuronal
differentiation. One-way ANOVA statistical test. n = 6 biological replicates.
Dots represent individual data points. ¢, Representative IF images of chimeric
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Histone recycling underpins cell-state transitions in ESCs

To address whether differential gene expression in MCM2-2A cells
occurs population-wide or in specific subpopulations, we performed
single-cell RNA-seq (scRNA-seq). Upregulation of repeats in single
MCM2-2A cells involved both increased expression across the popu-
lation and a higher fraction of cells expressing certain repeats, with
both patterns fully rescued in MCM2-R cells (Extended Data Fig. 9a).
Joint uniform manifold approximation and projections (UMAP) and
cluster analysis revealed naive pluripotency clusters, 2CLCs, and
lineage-primed clusters in which pluripotency factors such as Pou5f1
and UtfI are co-expressed alongside lineage specifiers like Pou3fI, Nes
and T (Fig. 5a and Extended Data Fig. 9b,c), as previously described
for serum/Leukemia inhibitory factor (LIF) conditions***“. Interest-
ingly, WT and MCM2-R ESCs distributed similarly across this spec-
trum of cell states (Fig. 5b,c), exploring pluripotency and transiting
between canonical naive states and lineage-primed states (Fig. 5b—-d
and Extended Data Fig. 9d). In contrast, MCM2-2A cells exhibited less
cell-state transitions, mainly populating naive pluripotency and 2CLC
states (Fig. 5b-d). Lineage priming (clusters 3 and 7) and the transi-
tion state (cluster 4), linking naive pluripotency and lineage priming,
were substantially reduced in MCM2-2A cells (Fig. 5b-d). These altered
populationdynamicsin MCM2-2A cells are reflected in the upregulation
of 2CLC genes and downregulation of differentiation genes linked to

lineage priming in the bulk RNA-seq (Fig. 4d and Extended Data
Figs. 7g-1and 9e-g) and were also apparent in the lower frequencies
with which single cells could spontaneously differentiate in clonal
expansion (Extended DataFig. 9h,i). Together, this argues that chroma-
tinalterations in response to asymmetric histone segregation challenge
normal ESC-state transitions, impairing their capacity to exit more
naive states and prime for differentiation.

InMCM2-2A mutants, histone PTM asymmetries are most dramatic
inthe Sphase, and chromatin restoration processes gradually resolve
asymmetry as cells progress in the cell cycle (Fig. 1). We, therefore,
analyzed changes in transcriptional states across the cell cycle, sepa-
rating S, G2/M and G1 populations according to a cell cycle assign-
ment algorithm® (Fig. 5e and Extended Data Fig. 9k,j). In S phase,
WT cells explored states highly enriched for naive pluripotent and
2CLC gene expression, and in G2 phase and especially G1 phase, more
cellstransitioned toward lineage-primed states. This is consistent with
previous findings that G1 cells exhibit downregulation of the naive
pluripotency gene regulatory network and higher levels of differen-
tiation genes when compared to S-phase cells***%, In contrast, fewer
MCM2-2A cells exited naive pluripotency and explored lineage-primed
statesin G1.Inline with this, the probability of MCM2-2A cells to enter
the 2CLC state in S phase was enhanced (Fig. 5e). Moreover, develop-
mental genes sporadically expressed in S-phase cells (not G1) showed
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increased expressionin MCM2-2A (Extended DataFig. 9k), bothinthe
bulkandsingle-cell experiments (Fig. 4d and Extended Data Fig. 9e¢,f).
Interestingly, this misexpression happened in the naive pluripotency
cluster (Extended Data Fig. 9e). This suggests that high histone PTM
asymmetry between sister chromatids generates more permissive
conditions for gene activation, most plausibly on the blank lagging
strand. Notably, this propensity was rescued by reverting to symmetric
histone segregationin MCM2-R, reducing 2CLC state cells and expres-
sion of bivalent genes (Figs.4d and 5Sb-d and Extended Data Fig. 9e-g).
MCM2-R cells also regained plasticity in terms of increased transition-
ing into lineage-primed states in the G1 phase (Fig. 5e and Extended
Data Fig. 9e-i). This argues that the coordinated dampening of the
pluripotency network and expression of lineage priming genes in G1
relies on symmetric histone recycling and proficient post-replication
chromatin restoration.

Histonerecyclingis required for developmental competence
The reduced plasticity in MCM2-2A ESC cultures suggested that differ-
entiation capacity would be compromised. Indeed, when challenged to
undergo neural differentiation, MCM2-2A cells failed to produce mor-
phologically normal TUJ1-positive neurons and aberrantly maintained
expression of ESC markers NANOG and PECAM-1 (Fig. 6a,b), consistent
witharecentstudy®. MCM2-2A cultures also maintained higher levels of
PECAM-1early afterinduction of differentiation (Extended DataFig.10a).
Notably, this phenotype was rescued in MCM2-R cells (Fig. 6a,b and
Extended Data Fig.10a). This, together with reduced lineage priming in
ESCs, argues that symmetric histone segregationis necessary for robust
transition from pluripotency toward a specific differentiation trajectory.
Tofurther probe theimpact of histone PTMinheritance onlineage specifi-
cation, we assessed the capacity of MCM2-2A ESCs to contribute toembry-
onicdevelopmentin chimeraassays by injecting H2B-mCherry-labeled
WT, MCM2-2A and MCM2-R cells into morulae (Fig. 6¢,d and Extended
Data Fig.10b-e). Although MCM2-2A mutant cells could incorporate
into embryos and were found at the late blastocyst stage (E4.5 equiva-
lent), their capacity to colonize the epiblast was substantially reduced
at postimplantation stages (E6.5; Extended Data Fig. 10b-e). As pluri-/
totipotency is defined based on the capacity of a single cell to generate
alllineages®*“°, we assessed the capacity of individual MCM2-2AESCs to
colonize E6.5embryos. Although single WT and MCM2-R cells robustly
contributed to postimplantation development, MCM2-2A mutants were
unable to do so (Fig. 6¢,d). Collectively, these observations argue that
symmetric histone segregationis required for the proper exit from pluri-
potency and efficient embryonic differentiation.

Discussion
Here we show that asymmetric recycling of modified histones H3-H4
in MCM2-2A ESCs results in sister-chromatid imbalances in S/G2 that

are, in part, transmitted to daughter cells (Fig. 7). This causes global
and local redistribution of H3K27me3 and H3K9me3, arguing that
symmetric histone recyclingis required to reduce noise and focus the
activities of histone-modifying enzymes and hereby underpin correct,
balanced chromatin restoration. In MCM2-2A cells, loss of H3K9me3
challenges repression of repeats, while H3K27me3 changes at bivalent
promoters correlate with deregulation of developmental genes (Fig. 7).
These expression changes are linked to reduced plasticity in MCM2-2A
cells, where naive pluripotent states are favored over lineage priming
and developmental competence is reduced (Fig. 7). Restoration of
symmetric histone recycling rescues both molecular and developmen-
tal phenotypes. Together, this argues that symmetric histone H3-H4
segregation and balanced inheritance of histone PTMs maintain the
plastic chromatin environment that underpins ESC identity.

Unspecific deposition of both H3K9me3 and H3K27me3 in MCM2-
2A cells suggests that spurious enzyme activity is limited by correct
histone recycling. The role of histone recycling in constraining activity
of modifying enzymesisinline with negative crosstalk between histone
modifications'® such as the antagonism between H3K27 and H3K36
methylation'**°, Symmetric histone recycling is also required to
maintain H3K9me3 domains and transcriptional silencing across many
repeats, consistent with a cisread-write propagation model mirroring
Clr4 read-write function in Schizosaccharomyces pombe heterochro-
matin?>?**, Additional repressive layers such as Kriippel-associated
box domain zinc finger proteins (KRAB-ZFPs), ncRNA and DNA meth-
ylation***¢ could allow H3K9me3 silencing to be re-established in
MCM2-R cells. By challenging recycling—a maintenance component
of the multilayered repressive system—MCM2-2A mutation shifts the
balance toward activation for LTRs in ESCs as these repeats share an
intimate interplay with the pluripotency network®®®’. Other cell types
would likely show different vulnerabilities.

In MCM2-2A mutants, H3K27me3 occupancy and PRC2 bind-
ing are reduced at high-occupancy sites while accumulating at
lower-occupancy sites. Thus, although H3K27me3 is low on the lag-
ging strand in S/G2, PRC2 almost suffices to establish H3K27me3
domains on the lagging strand in each cell cycle. Consistent with this,
PRC2 recruitment to the lagging strand is efficient (this work) and
the H3K27me3 landscape can be installed de novo in ESCs**°%, We
speculate that full maintenance of high H3K27me3 occupancy sites
requires efficient read-write activation of PRC2 on both daughter
strands and thatimbalanced recruitment post-replication favors PRC2
activity at lower H3K27me3 occupancy sites. Allosteric activation of
PRC2isrequired for the efficient establishment of H3K27me3 in vitro
and in ESCs**?°. We anticipate that allosteric PRC2 activation could
initially be mediated by JARID2 (refs. 69,70) on the lagging strand, as
JARID2 recruitment is generally high in S/G2 phase”. Consistent with
this, recycling of H2AK119ubl, recognized by JARID2, can contribute
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to H3K27me3 establishment on the lagging strand in MCM2-2A cells
where H2A-H2B recycling is unaffected”. Activation in trans from
parental H3K27me3 on the leading strand might also occur. However,
we conclude that a contribution of parental histone H3-H4 PTMs in
cis,ineveryround of chromatinreplication, isimportant for focusing
PRC2 activity and fine-tuning H3K27me3 occupancy. In ESCs, bivalent
developmental genes are particularly sensitive to misregulation as they
arefine-tuned by the balance of H3K27me3 and activating input. Again,
other cell types would likely show different vulnerabilities.
Changesin gene expression and ESC subpopulationsin MCM2-2A
are linked to both chromatin restoration defects (every S phase)
and changes in histone PTM landscapes shaped by multiple cell divi-
sions. MCM2-2A cells show increased expression of 2CLC genes and
elevated firing of asubset of differentiation genesinthe S phase when
asymmetry is prevalent. Impaired new histone deposition and lack of
repressive histone modifiers also enhance 2CLC gene expression’>’?,
implying that this is a general phenotype of chromatin restoration
defects. As in MCM2-2A cells, expression of repeats also promotes
2CLC state and naive pluripotency in these settings***®’. This likely
explains why MCM2-2A cells show impaired transition toward lineage
priming in G1. The defect in exiting pluripotency during neuronal
differentiation (this work and ref. 58) also aligns with impaired line-
age priming and elevated naive pluripotency in MCM2-2A ESCs. A
recent study proposed that MCM2 with the ASF1A histone chaperone
directly activates bivalent genes during neuronal differentiation via
nucleosome eviction*®. However, neither MCM2 nor ASF1 has nucleo-
some disassembly activity in vitro™’®, and evidence of recruitment
to specific bivalent promoters is limited, while MCM2 function in
replication-coupled histone dynamics and histone recycling is well
established™'*'*?%°77778 Although other roles of MCM2 in histone
dynamics could contribute to the MCM2-2A phenotype, gene expres-
sion changes in the histone recycling mutants MCM2-2A, POLE4-KO
and POLA1-3A are highly correlated (this work and ref. 16), including
increased expression of 2CLC genes and repeats. This argues that
asymmetric histone recycling drives the gene expression changes
and differentiation phenotype in MCM2-2A ESCs. Early embryonic
development requires highly coordinated changes in gene expres-
sion programs with the restructuring of H3K27me3 landscapes and
downregulation of repeat expression***>¢”, The chromatin changesin
MCM2-2A ESCs, including redistribution of H3K9me3 and H3K27me3,
show thisregulationis challenged. Restoration of symmetric histone
segregation in MCM2-2A cells rescued the developmental defects,
demonstrating that balanced inheritance matters in each and every
cell cycle to maintain a fine-tuned epigenome that supports plastic-
ity in ESCs. Our work further suggests that the memory provided by
histone recycling is important to reduce epigenetic noise and focus
the activity of chromatin-modifying enzymes, which could present
abarrier to epigenome decline of relevance to cancer and aging’*®.
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Methods

The research in this study was conducted under the ethical
approval of the Danish Regulatory Authority under project license
2018-15-0201-01520.

Cell culture and differentiation assays

WT,MCM2-2A, MCM2-R and POLE4-KO mouse ESCs used in this study
were derived from the male, E14JU cell line with a129/0la background®..
Genome editing to generate MCM2-2A, MCM2-R and POLE4-KO cell
linesis described in Supplementary Methods.

For genome editing and next-generation sequencing experi-
ments, ESCs were grown on gelatin-coated dishes (0.2%) in serum + LIF
conditions at 37 °C with 5% CO,. Medium was prepared by supply-
ing DMEM-GlutaMAX-pyruvate (Gibco, 31966-021) with FBS (15%;
Sigma-Aldrich, F0392), LIF (homemade), 1x nonessential amino acids
(Gibco, 11140-050), 1x penicillin/streptomycin (Gibco, 15140-122) and
2-mercaptoethanol (0.1 pM; Gibco, 31350010). Cells were passaged
using Trypsin-Ethylenedinitrilotetraacetic acid (EDTA) (Gibco, 25200-
056) or TrypLE (Gibco, 10718463). For differentiation and chimera
experiments, E14JUs were cultured on 0.1% gelatin. ESCs were cul-
turedin either serum + LIF or in 2i/LIF (N2B27 (1:1 neurobasal medium;
Gibco, 21103-049) and DMEM:F12 (Gibco, 21331-020), B27 (Gibco,
17504-044), N2 (homemade), L-glutamine (2 mM; Thermo Fisher
Scientific, 25030024), 2-beta-ME (0.1 puM; Gibco, 31350010)), 3 uM
GSK3i (Chir99021: Axon Medchem, 1386), 1 uM MEKi (PD0325901:
Sigma-Aldrich, 31966-021)) and LIF. Cells were routinely tested for
mycoplasma. For neural differentiation, cells were adapted to 2i/LIF
medium. Intotal, 1 x 10° ESCs were plated in gelatinized six-well plates
in N2B27 medium with daily medium changes. Neural differentiation
was assessed by flow cytometry analysis of PECAM-1 and imaging of
TUJ1and NANOG (Supplementary Table 2).

SCAR-seq
Native SCAR-seq of histone PTMs. In total, 5 x 10° cells were seeded
per 15-cm dish 2 d before EdU labeling and nuclei isolation. In total,
4-5 dishes were seeded per time point to get sufficient material for
multiple ChIPs. Cells were pulsed in EdU-containing media (10 pM;Jena
Bioscience, CLK-N0O01-25) for 10 or 15 min, as described in Supplemen-
tary Table 1. Nascent samples were collected immediately (TO). Chase
samples were washed two times with PBS and incubated in media for
1h(T1),3 h(T3) or 8 h(T8) before collecting. Samples were collected
in ice-cold PBS by scraping and centrifugation, followed by nuclei
isolation. Nuclei were aliquoted, snap-frozen and stored at —80 °C.
For MNase digest, nuclei were counted manually using Kova Glass-
tic Slides and 2 U MNase (Worthington, LS004797) were added per
1x10° nuclei. Digests were performed at 30 °C for 20 min. In total,
35-50 pg of digested chromatin was used per sample and incubated
with antibodiesin atotal volume of 600 pl overnight (see Supplemen-
tary Table 2 for antibodies). Magnetic beads (anti-rabbit/mouse IgG
Dynabeads; Invitrogen, 11203D/11201D) were added and incubated
for 2 h. After three washes each with low-salt wash buffer and high-salt
wash buffer, DNA was eluted and purified using the MinElute Reac-
tion Cleanup kit (Qiagen, 28204). Mononucleosomal-sized fragments
wereisolated by double-sided size selection (0.8-3:1) with AMPure XP
beads (Beckman Coulter, A63881). EdU-labeled DNA fragments were
biotinylated using Click-iT chemistry. Libraries were prepared using
the KAPA Hyper Prep Kit (Roche, KK8504). Biotinylated fragments
were captured using Dynabeads MyOne Streptavidin (Invitrogen,
65602), and EdU-labeled strands were isolated by performing NaOH
washes. Libraries were amplified in 9-11 PCR cycles. Libraries with
mononucleosomal-sized inserts were isolated by double-sided size
selection (0.77-0.90:1) with AMPure XP beads, followed by a second
cleanup (1:1). Fragment distribution was assessed on a Bioanalyzer
using the Hgh Sensitivity DNA kit (Agilent) or a Fragment Analyzer
system (Agilent). Stranded input samples were prepared for all cell lines

and time points in parallel with SCAR-seq samples. For more detailed
information about SCAR-seq, please refer to the step-by-step protocol
describedinref. 82.

Crosslinked SCAR-seq. The SCAR-seq protocol described above
was adapted to a crosslinked setup to measure the relative binding of
SUZ12 onsister chromatids. Samples for H3K27me3 were prepared in
parallel as control. Cells were seeded in 15-cm dishes (4 x 10° cells per
dish) 2 d before EdU labeling and nuclei isolation. Four dishes were
seeded per time point to get sufficient material for both H3K27me3
and SUZ12 samples. Cells were pulsed in an EdU-containing medium
(10 uM; Jena Bioscience, CLK-N0OO1-25) for 30 min and crosslinked
with formaldehyde at room temperature for 10 min. Crosslinked cells
were snap-frozen and stored at —80 °C. Fixation and nuclei isolation
was performed using the truChlIP chromatin shearing kit (Covaris,
520155) and asonicated ona Covaris E220 evolution sonicator accord-
ing to the manufacturer’s recommendations to obtain fragments of
100-500 bp. In total, 100 pg of chromatin was used for H3K27me3
samples and 200-400 pg of chromatin was used for SUZ12 samples.
The initial ChIP reactions were set up in 2-ml tubes with 100 pg of
chromatin and incubated with antibody in a total volume of 1.5 ml
overnight (see Supplementary Table 2 for antibodies). Magnetic beads
(Invitrogen Dynabeads Protein G; 30 pl beads for SUZ12 and 50 pl beads
for H3K27me3 per 100 pg chromatin) were blocked with BSA overnight
and added to the samples and incubated for atleast 2 h. Samples were
washed 3x with1 mlof low-salt radioimmunoprecipitation assay (RIPA)
buffer and 3x/1x (H3K27me3/SUZ12) with 1 ml of high-salt RIPA buffer
(5 minrotationin between washes). DNAwas elutedin 100 pl of elution
buffer (10 mM Tris-HCI (pH 8.0), 5 mM EDTA (pH 8.0), 150 mM Nacl,
1% SDS) by incubation at 65 °C, 1,200 r.p.m. for 30 min, treated with
RNase and Proteinase K, decrosslinked and purified using the MinElute
Reaction Cleanup kit (Qiagen, 28204). SUZ12 samples were combined
during/after MinElute purification. Libraries were prepared using the
KAPA Hyper Prep Kit (Roche). SUZ12, H3K27me3 and stranded input
libraries were pooled for Click-iT, respectively, and afterward purified
by double-sided size selection (0.56-0.85:1) with AMPure XP beads
(Beckman Coulter, A63881). Click-iT reaction, streptavidin capture and
strand separation were performed as described for native SCAR-seq
above. Libraries were amplified in 8-9 PCR cycles for H3K27me3 and
stranded input samples, as well as11-12 PCR cycles for SUZ12 samples.
Postamplification cleanup was performed for native SCAR-seq. For
further details, see the step-by-step protocols giveninref. 82—collec-
tion of material, ChIP and library preparation followed the ChOR-seq
protocol (except for the changes listed above), whereas Click-iT reac-
tion, streptavidin capture and strand separation followed the native
SCAR-seq protocol.

SCAR-seqsamples were sequenced on aNextSeq500 instrument
(Illumina). All samples are detailed in Supplementary Table 1. Data
processing and analysis of SCAR-seq are detailed in the Supplementary
Methods.

Quantitative ChIP-seq

Native ChIP-seq. Native ChIP-seqwas performed like native SCAR-seq
described above, except for omitting EdU labeling and all associated
stepsforisolation of labeled DNA strands (that s, Click-iT, streptavidin
capture and strand separation). Further adaptations of the protocol
aredescribed here. Intotal, 7-10 pg of mouse chromatin was used per
sample and incubated with Drosophila chromatin (2-3% spike-in) and
antibodies in a total volume of 300 pl overnight (see Supplementary
Table 2 for antibodies). Libraries were amplified in four PCR cycles.
ChIP inputs were prepared for all samples and replicates in parallel.

Crosslinked ChlIP-seq. Crosslinked ChIP-seq was performed
like crosslinked SCAR-seq described above, except for omitting EAU
labeling and all associated steps for isolation of labeled DNA strands

Nature Genetics


http://www.nature.com/naturegenetics
https://www.ncbi.nlm.nih.gov/nuccore/A63881
https://www.ncbi.nlm.nih.gov/nuccore/A63881

Article

https://doi.org/10.1038/s41588-023-01476-x

(thatis, Click-iT, streptavidin capture and strand separation). Further
adaptations of the protocol are described here. ChIP reactions were set
upinl.5-mltubeswith 50 pg of mouse chromatinand 1 pg of Drosophila
chromatin (2% spike-in) and incubated with anti-SUZ12 antibody in a
total volume of 1 ml (Supplementary Table 2 for antibodies). Two reac-
tions were set up per cell line for a total of 100 pg starting material, and
samples were combined after ChIP washes and decrosslinking during
purification with a MinElute Reaction Cleanup kit (Qiagen, 28204) by
loading the same column twice. A total of 30 pl of Invitrogen Dynabeads
Protein Gwere added per 50 pg of chromatin. Libraries were amplified
in seven PCR cycles. ChIP inputs were prepared for all samples and
replicatesin parallel.

Samples were sequenced on a NextSeq500 or NextSeq 2000 (lIllu-
mina). Allsamples are detailed in Supplementary Table 1. ChIP-seqdata
processing and analysis are detailed in the Supplementary Methods.

MS of histone PTMs

Cells were seeded in 15-cm dishes (5 x 10 cells per dish, one dish per
cellline) and collected 2 d later by trypsinization and washing in PBS.
Cell pellets (1 x 107 cells) were snap-frozen and shipped on dry ice to
EpiQMAx GmbH. Sample preparation and MS analysis were performed
according to the EpiQMAXx GmbH protocols. Briefly, acid-extracted
histones were resuspended in Limmli buffer and separated by a14-20%
gradient SDS-PAGE, stained with Coomassie (Brilliant blue G-250,
35081.01). Protein bands in the molecular weight range of histones (15~
23 kDa) were excised as single band/fraction. Gel slices were destained
in 50% acetonitrile/50 mM ammonium bicarbonate. Lysine residues
were chemically modified by propionylation for 30 min at room tem-
perature with 2.5% propionic anhydride (Sigma-Aldrich, 8.00608) in
ammoniumbicarbonate, pH7.5. Subsequently, proteins were digested
with 200 ng of trypsin (Promega, V5111) in 50 mM ammonium bicar-
bonate overnight and the supernatant was desalted by C18-Stagetips
(reversed-phaseresin) and carbon Top-Tips (Glygen, TTICAR) accord-
ing to the manufacturer’sinstructions. After desalting, the eluent was
speed vacuumed until dryness and stored at =20 °C until MS analysis.

Liquid chromatography-mass spectrometry (LC-MS) analysis of
histone modifications. Peptides were resuspendedin17 pl of 0.1% Tri-
fluoroacetic Acid (TFA). Atotal of 5.0 pl were injected into anano-HPLC
device (Thermo Fisher Scientific, UltimateNano3000) using a gradient
from4% solvent B to 90% solvent B (solvent A 0.1% Formic Acid (FA) in
water, solvent B80% Acetonitrile (ACN), 0.1% FA in water) over 90 min
ata flow rate of 300 nl min™in a C18 Ultra-High Pressure Liquid chro-
matography (UHPLC) column (Thermo Fisher Scientific,164534). Data
were acquired in parallel-reaction monitoring (PRM)-positive mode
using a Q Exactive HF spectrometer (Thermo Fisher Scientific) toiden-
tify and quantify specific N-terminal peptides of histone H3 and histone
H4 proteins and their PTMs. One survey MS1scan and nine MS2 acquisi-
tions from the precursor m/z valuein the inclusion list was performed.
MS1spectrawere acquired in the m/zrange 250-1,600 with aresolution
030,000 at m/z400 (AGC target of 3 x 10°). PRM spectra were acquired
with resolution 15,000 to a target value of 2 x 10°, maximum injection
time (IT) 60 ms, isolation 2 window 0.7 m/z and fragmented at 27%
normalized collision energy. Typical mass spectrometric conditions
were as follows: spray voltage, 1.5 kV; no sheath and auxiliary gas flow;
heated capillary temperature, 250 °C. MS histone PTM analysis and
quantification are detailed in the Supplementary Methods.

RNA-seq

Total RNA was extracted from 5 x 10° cells using RNeasy Plus Mini Kit
(Qiagen, 74204) according to the manufacturer’s protocol,and gDNA
was eliminated by treatment with the RNase-Free DNase Set (Qiagen,
79254). Quality of RNA was assessed using the 2100 Bioanalyzer RNA
6000 Nano kit (Agilent) or the Fragment Analyzer RNA kit (Agilent), all
samples had RNA integrity number (RIN) > 8. Total RNA (500 ng) from

eachsamplewas depleted of rRNA using the NEBNext rRNA Depletion
kit (NEB, E7405L). Strand-specificRNA libraries were prepared using the
NEBNext Ultra Directional RNA Library Prep kit (NEB, E7765s), assessed
onthe Bioanalyzer High Sensitivity DNA kit (Agilent) or the Fragment
Analyzer HS NGS kit to ensure good quality and sequenced paired-end
on a NextSeq500 (76 bp) or NextSeq 2000 (100 bp; lllumina) in 2-6
biological replicates. Allsamples are detailed in Supplementary Table 1.
RNA-seq data processing and analysis are detailed in the Supple-
mentary Methods.

Multiplexed scRNA-seq

For the multiplexed scRNA-seq, 1.5 x 10° cells per six-well were seeded
on 0.2% gelatin in serum/LIF medium. Cells were dissociated with
TrypLE (Gibco,10718463), resuspended in PBS + 0.04% BSA and passed
through 100-um cell strainer (pluriSelect, 43-10100-60) to obtain a
homogeneous single-cell suspension. Samples were automatically
counted (Logos Biosystems, LUNA-FX7) and evaluated for viability
and homogeneity, and each sample was divided into two to increase
the complexity of the cell multiplexing oligonucleotides in the final
library. In total, 1 x 10° cells were labeled with cell multiplexing oligo-
nucleotides following the CellPlex kit (10X Genomics, PN-1000261)
protocol. Labeled samples and technical repeats were evenly pooled
and recounted reaching -1,500 cells per pl with cell viability higher
than 95% for loading at the chromium controller (10X Genomics). In
total, 30,000 cells were loaded on one channel of the chromium Next
GEM chip G (10X Genomics, PN-1000127) for the targeted recovery
0f 20,000 single cells. The multiplexed sample was processed using
the Chromium Next GEM Single-Cell 3’ Reagent Kits v3.1 (Dual Index;
10X Genomics, PN-1000269). Both cDNA and final libraries' fragment
sizes were determined for quality control using the fragment analyzer
(Agilent).Finallibraries were sequenced on the Illumina NovaSeq 6000
using the SP flow cell to reach 40,000 reads per cell. All samples are
detailed in Supplementary Table 1. scRNA-seq data processing and
analysis are detailed in the Supplementary Methods.

Immunofluorescence

Cells and blastocysts were fixed for 10 min in 4% Paraformaldehyde
(PFA;Sigma-Aldrich, 158127) at room temperature and stored in PBST
(PBS with 0.3% Triton X-100). Primary antibodies were added at the
appropriate concentration (Supplementary Table 2) in PBST with 5%
donkey serum (Jackson ImmunoResearch, 017-000-121) and incubated
overnight. Incubation was followed by three washesin PBS, and second-
aryantibodies were thenadded in PBST. Samples wereincubated with
the secondary antibody (Alexa Fluor, Molecular Probes) in the dark at
room temperature for 3 h. After three washes, samples were stained
with DAPI (1:10,000) in PBST. Staining of E6.5 embryosinvolved longer
washes. They were blocked for at least 24 h, and primary antibodies
were added overnight. Embryos were then washed overnight, and sec-
ondary antibodies were also incubated overnight. Cells and embryos
were imaged inthree dimensions using a Leica TCS SP8 confocal micro-
scope.Images of cells following differentiation were acquired onaLeica
AF6000 widefield microscope. Both Leicamicroscopes use the LASFX
software (version 3.7.3.23245) for image acquisition.

Flow cytometry

Cell cycle analysis. For pulse-chase experiments, cells were seeded
in 6-cm dishes (3 x 10° cells per dish) 3 d before EdU labeling and sam-
ple fixation. Cells were pulsed in EdU-containing media (10 pM; Jena
Bioscience, CLK-N0OO01-25) for 15 min. Dishes were pulsed in astaggered
manneringroups of nine to ensure accurate labeling and chase times.
Nascent samples were collected immediately (TO). Chase samples
were washed once with PBS and incubated in amedium with thymidine
(5 uM; Sigma-Aldrich, T1895)for1,2,3,4,5,6,7 and 8 h (T1-T8). For nas-
centexperiments (T0), cellswere seeded in six-well plates (2.5 x 10° cells
perwell) 2 d before EdU labeling and pulsed for 15 min. For collection,
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cells were trypsinized, washed in cold PBS, fixed in ethanol (100% of
cold ethanol was added drop-wise to afinal concentration of 70%, while
vortexing samples at low speed) and stored at 4 °C for atleast1h. Cells
were permeabilized with 0.25% Triton X-100 in PBS for 10 min atroom
temperature. Then 5 x 10° cells were resuspended in 200 pl Click-iT
reaction mix with Alexa Fluor 647 azide (Invitrogen, C10340) and incu-
bated for 30 minat room temperature, followed by DNA staining with
propidiumiodide (10 pg mI™) or DAPI(0.25 pg mlI™) and simultaneous
RNase A treatment (20 pg ml™) for 30 min at room temperature. All
washes were carried out with 1% BSA in PBS. Cells were analyzed on a
BD FACS Calibur or LSR Fortessa flow cytometer (at least 10,000 cells
were recorded per sample). Data were processed in FlowJo (version
10.7.1) using the gating strategy illustrated in Supplementary Fig. 1.

Differentiation. Flow cytometry analysis used conjugated antibodies
atthe concentrationsindicated in Supplementary Table 2. Staining of
live cells was done for 20 min at 4 °Cinthe dark in PBS containing10%
FCS. After washing, the final cell pellet was resuspended in PBS/FCS
with DAPI (1:10,000) to exclude dead cells. Cells were analyzed using
LSR Fortessa flow cytometer (BD Biosciences), using the FACSDiva
(BD Biosciences, version 8) software. Plots were generated using FCS
Express 6.0 (DeNovo Software, version 6.0), using the gating strategy
illustrated in Supplementary Fig. 2.

Chimeraassays

For chimera assays WT 1, MCM2-2A 1, MCM2-2A 2, MCM2-R 1 and
MCM2-R 2 cells were labeled with arandomly integrated constitutive
CAG-driven H2B-mCherry fusion®’. Around 20 clones were picked for
each cellline, and one clone was selected based on its signal homoge-
neity and strength, which was analyzed using the LSR Fortessa flow
cytometer (BD Biosciences). Injections were carried out by the Core
Facility for Transgenic Mice. Mice were maintained ina12-h light/12-h
darkcycleinthe designated facilities at the University of Copenhagen,
Denmark, with 52% humidity at22 °C, and air in the room was changed
8-10times per hour, according to Danish regulations for animal experi-
ments. Eight C57BL/6NRjfemale mice (4 weeks) underwent superovula-
tionto obtain morulae by intraperitoneal injection (IP) of 5 IU Pregnant
Mare Serum Gonadotropin (PMSG;Sigma-Aldrich) per female and
IP injection of 5 IU Human chorionic gonadotropin (hCG; Chorulon,
Intervet) 47 hlater, followed by overnight mating with C57BI/6NRj stud
males. The following morning, females were monitored for copulation
plug formation. Embryos were considered EOQ.5 on the day of plug
detection. Live morulae (E2.5) were cultured in EmbryoMax KSOM
(Sigma-Aldrich, MR-121) and1or 4 H2B-mCherry WT or MCM2-2A ESCs
were injected to the morulae and resultant embryos were cultured ex
vivo in KOSM microdrops covered with mineral oil (Nidacon, NidQil).
Embryos were either cultured for 3 d in vitro to the equivalent of E4.5
in vivo or transferred to RjOrl:SWISS pseudopregnant CD1 females
(n=20,CD1females for single-cellinjections and n = 12 four-cell injec-
tion, 8-13 weeks old) for further development. Embryos were collected
at E6.5. Animal work was carried out in accordance with European
legislation. All work was authorized by and carried out under Project
License 2018-15-0201-01520 issued by the Danish Regulatory Authority.

Statistics and reproducibility

ChIP-seq and SCAR-seq experiments were conducted with at least
two biological replicates, RNA-seq with at least three biological rep-
licates or two if multiple clones with similar conditions were tested,
in accordance with ENCODE guidelines. No statistical method was
used to predetermine the sample size of experiments. No data were
excluded fromthe analysis. The experiments were not randomized, and
investigators were not blinded to allocation during experiments and
outcome assessment. The statistical tests and number of independent
experiments (n) areindicated in the figure legends. Pvalues were cor-
rected for multiple comparisons (FDR) using the Benjamini-Hochberg

method. Bar plots and dot plots represent the mean + s.d. Box plots
display median as a line, with boxes representing the first and third
quartiles. Whiskers extend 1.5 interquartile range.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequence data produced in this study have been deposited in NCBI
GEO with the accession code GSE154391. Proteomic data produced in
this study have been deposited in ProteomeXchange with the acces-
sion codes PXD020326 and PXD030364. We reanalyzed the follow-
ing mouse ESC publicly available sequencing datasets: H2AK119ub1l
(GSE132752: GSM3891343 and GSM3891344, inputs GSM3891350,
GSM3891351); H3K27mel and H3K27me2 (GSE127117: GSM3625691
and GSM3625689, input GSM3625706); H3K36me2 (GSE126864:
SRR8601997, SRR86019978, SRR86019979, inputs SRR8602003,
SRR8602004, SRR8602005); H3K36me3 (ENCODE: GSM6373350 and
GSM6373351, inputs GSM4051038, GSM4051039); SUZ12-KO RNA-seq
(GSE127804); SETDBI1-KO RNA-seq (BioProject PRINA544540) and
SUV39H1/2-dKO RNA-seq (GSE57092). For genome annotations, we
used GENCODE vM23 (https://ftp.ebi.ac.uk/pub/databases/gencode/
Gencode_mouse/release_M23/gencode.vM23.annotation.gtf.gz). For
repeat analysis, we used the subfamily annotations (https://labshare.
cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_GTF/
GRCm38 _GENCODE_rmsk_TE.gtf.gz). For SCAR-seq analysis, we used
mESC Okazaki fragment sequencinginitiation zones™ (GSM3290342).
For GSEA analysis, we used 2C-like gene list from ref. 84. Source data
are provided with this paper.

Code availability

Code for sequencing data analyses is available at https://github.
com/anderssonlab/Wenger_et_al_2023, https://doi.org/10.5281/
zenodo.8152293.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Histone H3K27me3 asymmetry is inherited by
MCM2-2A daughter cells, but H3K4me3 asymmetry is rapidly resolved.

a, Individual biological replicates of H3K27me3 SCAR-seq profiles related to

Fig. 1c, including two MCM2-2A clones. SCAR-seq is represented as in Fig. 1. b, Box
plots of H3K27me3 partition in 1 kb windows around the RFD extrema (distance
0f10-90 kb from initiation zones). Windows upstream of initiation zones were
multiplied by -1. Box plots as in Fig. 2a. Dashed lines illustrate trends of partition
changes over time. Significance was tested per time point and replicate between
WT and MCM2-2A using two-sided paired Wilcoxon signed-rank test. ¢, Scatter
plots of H3K27me3 SCAR-seq partition and RFD show association between
histone segregation and replication fork directionality. Two-sided Spearman’s
rank correlation coefficient. d, Example region of H3K27me3 SCAR-seq in WT and
MCM2-2A#1and RFD" containing a differentially expressed gene (Lgr5; Fig. 4d,
Extended Data Fig. 7g). Chr10:115272208-115624981. e, H3K27me3 SCAR-seq
profiles separated according to replication timing, showing that asymmetry at
T8isindependent of replication timing. As all cells labeled in mid and late S phase

have divided at T8 (Extended Data Fig. 1f), asymmetry is transmitted to daughter
cells. Average profiles of RFD and H3K27me3 are represented as in Fig. 1. RFD
amplitudes and thus also SCAR-seq amplitudes are lower around late compared
to early initiation zones due to more heterogenous replication fork progression
across the cell population®, but the relative differences between the amplitudes
aresimilar across the replication timing categories. b-e, The averageof n =2
biological replicates is shown for each clone. f, Individual biological replicates of
H3K4me3 SCAR-seq related to Fig. 1d, including two MCM2-2A clones. SCAR-seq
isshownasinFig. 1. g, Box plots of H3K4me3 partitionin1kb windows around
the RFD extrema (distance of 10-90 kb frominitiation zones) asinb. h, Scatter
plots of H3K4me3 SCAR-seq partition and RFD show association between
histone segregation and replication fork directionality asin c. i, Example region
of H3K4me3 SCAR-seq in WT and MCM2-2A#1 and RFD* containing a highly
expressed pluripotency gene (Sall4). Chr2:168450809-168783596. g-i, The
average of n =2 biological replicates is shown.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Persistent genome-wide H3K27ac asymmetry biased
towards the lagging strand in MCM2-2A cells. a, Individual biological replicates
of H3K27ac SCAR-seq related to Fig. 1e, including two MCM2-2A clones. SCAR-
seqis represented asin Fig. 1. b, Box plots of H3K27ac partition in 1 kb windows
around the RFD extrema (distance of 10-90 kb from initiation zones) asin
Extended Data Fig. 2b. ¢, Scatter plots of H3K27ac SCAR-seq partition and RFD
showing negative correlation between histone H3K27ac and replication fork
directionality, demonstrating a lagging strand bias. Two-sided Spearman’s
rank correlation coefficient. d, Example region of H3K27ac SCAR-seqin WT

and MCM2-2A#1 clones and RFD* containing genic and non-genic regions.
Chr8:33670000-35487509. e, H3K27ac SCAR-seq profiles separated according
toreplication timing (as in Extended Data Fig. 2e) showing H3K27ac asymmetry
at T8 at early, mid-early, mid-late and late replicating regions. f, H3K27ac
asymmetry is present genome-wide in MCM2-2A cells. Box plots of H3K27ac

SCAR-seq in1kbwindows overlapping H3K27ac and H3K27me3 peaks or neither
of the two. Box plots asin Fig. 2a. g, Slight increase in lagging strand accessibility
in MCM2-2A cells, indicated by lagging strand bias of MNase inputs. Average
profiles of stranded inputs in 1 kb windows around replication initiation zones.
Partition s calculated as the proportion of forward (F) and reverse (R) read
counts. RFD in WT cells* measured by Okazaki fragment sequencing (OK-seq)

is shown for comparison. h, Box plot of stranded input profiles shown in (g)
in1kb windows around the RFD extrema (distance of 15-75 kb from initiation
zones). Box plots asin Fig. 2a. i, Scatter plots of stranded inputs and RFD
showing negative correlation between MNase accessibility and replication fork
directionality in MCM2-2A cells, demonstrating a slight lagging strand bias.
Two-sided Spearman’s rank correlation coefficient is shownin the top left corner.
b-i, The average of n = 2 biological replicates is shown.
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Extended Data Fig. 4 | Global levels of H3-H4 modifications. a-f, Box plots
showing relative levels of H3K4 methylation and acetylation (a), H3K18

and H3K23 acetylation (b), H3K36 methylation (c), H3K79 methylation and
acetylation (d), H4K5/8/12/16 acetylation (e), and H4K20 methylation (f). Histone
modifications were quantified by mass spectrometry in WT and MCM2-2A cells

growing asynchronously. WT#1 (n=4), WT#2(n=4), WT#3 (n=4), WT#4 (n=4),
MCM2-2A#1 (n=4), MCM2-2A#3 (n = 4), MCM2-2A#4 (n =4), MCM2-2A#1 (n = 4);
n=biological replicates. Lines represent median, boxes represent the 1st and 3rd
quartiles, whiskers extend 1.5x interquartile range (IQR), dots depict individual
data points. Two-sided Welch’s t-test FDR.
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Extended Data Fig. 5| Global increase of H3K27me3 and SUZ12 levels in
MCM2-2A. a, Fraction of reads in peaks (FRiP) as quality control for H3K27me3
ChlIP-seq peaks. Fewer reads fall into peaks in MCM2-2A clones compared to

WT cells, indicating that peak calling for H3K27me3 is affected in MCM2-2A
(n=2biological replicates for each clone). b, Density plots (top) showing
distribution of H3K27me3 signal in genome-wide 5-kb bins. Two-sided Wilcoxon
signed-rank test Pvalues. Bar plots (bottom) showing quantification of bins
intheindicated signal categories. Three MCM2-2A clones (left; average of
n=2biological replicates) and MCM2-R cells (right; average of n = 3 biological
replicates) demonstrate similar trends across mutant clones and rescue of signal
redistribution upon restoration of symmetric recycling. c, Violin plots showing
H3K27me3 signal in bins non-overlapping WT peaksin early, mid-early, mid-late
and late replicating regions, related to Fig. 2d. Two-sided Wilcoxon signed-rank
test Pvalues. n =3 biological replicates. d, Violin plot showing H3K27me3 signal
in5 kb bins overlapping WT H3K36me2 peaks. Two-sided Wilcoxon signed-rank

test Pvalues. n =3 biological replicates. e, Violin plot showing H3K27ac signal
in2.5-kb bins overlapping WT H3K36me3 peaks. Two-sided Wilcoxon signed-
rank test Pvalues. n =2 biological replicates. f, Violin plot showing absolute
differences in H3K27me3 signal between WT and MCM2-2A in bins of H3K27me3
gains and H3K27me3 losses. Two-sided Wilcoxon signed-rank test Pvalues.
n=3biological replicates. Related to Fig. 2f. g, Increased SUZ12 binding to
chromatinin MCM2-2A cells shown by box plots of mean SUZ12 levelsin1kb
windows of SUZ12 peaks quantified by qChIP-seq. Two-sided Wilcoxon signed-
rank test Pvalues. n =3 biological replicates. c-g, Box plots asin Fig. 2a. h, Venn
diagramsillustrating strong overlap of SUZ12 peaks in WT, MCM2-2A#1 and
MCM2-2A#2 clones (n =3 biological replicates). i, Individual SUZ12 SCAR-seq
replicates related to Fig. 2j, including two MCM2-2A clones. H3K27me3 SCAR-
seqwas performed in parallel as control for crosslinked SCAR-seq. SCAR-seq is
represented asin Fig. 1.
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Extended Data Fig. 6 | H3K9me3 loss and repeat activationin MCM2-2A.

a, Density plot showing H3K9me3 signal distribution in genome-wide 5-kb bins
(top). Two-sided Wilcoxon signed-rank test P values. Quantification of bins
across signal categories (bottom). Three MCM2-2A clones (left; average of n =2
biological replicates) demonstrate similar trends across clones and rescue in
MCM2-R (right; average of n = 3 biological replicates) b, H3K9me3 signal in bins
non-overlapping WT peaks across replication timing, related to Fig. 3a. Two-
sided Wilcoxon signed-rank test Pvalues. n = 3 biological replicates. Box plots
asinFig. 2a. ¢, H3K9me3 differential occupancy (DO) in MCM2-2A#2 versus WT
in 5-kb bins overlapping H3K9me3 WT peaks (left) and bar plot showing rescue
in MCM2-R#2 (right). Significant DO (red), FDR < 0.1, Bayes quasi-likelihood
F-test (see Supplementary Methods). n = 3 biological replicates. d, Enrichments
analysis (odds ratios) of H3K9me3 DO according to replication timing.
Significant states (Pvalue < 0.001, two-sided Fisher’s exact test) are colored
according to enrichment (red) or depletion (blue), NS states are shown in gray.
n=number of bins. e, Repeat subfamilies with significant loss of H3K9me3 in

three MCM2-2A clones (FDR < 0.01, Wald test). f, Differential repeat expression
between MCM2-2A and WT cells. Significant subfamilies ([Log2FC|> 0.58,
adjusted Pvalue < 0.01, Wald test) are colored according to repeat family. Fold
change (FC) against FDR is shown per repeat subfamily. n=biological replicates;
WT#1(n =5); WT#2, WT#3, WT#4, WT#6, WT#7, WT#8, MCM2-2A#4, MCM2-
2A#5, MCM2-2A#6, MCM2-2A#7, MCM2-2A#8 (n = 2); WT#5, MCM2-2A#2, MCM2-
2A#3 (n=3); MCM2-2A#1(n = 6).g, Overlap of upregulated repeat subfamilies
between MCM2-2A#2 (top) or all MCM2-2A clones (bottom) and SETDB1-KO*®
and SUV39h1/2-dKO*. One-sided hypergeometric test Pvalues. h, i, Heatmap
showing relative H3K9me3, H3K27me3, H3K4me3, H3K27ac levels; h, for three
MCM2-2A clones at the top 15 significantly upregulated repeat subfamilies from
f.i, Top 15 repeat subfamilies with significant loss of H3K9me3, FDR < 0.01,

Wald test. Related to Fig. 3c. j, Bar plot showing differentially expressed repeat
subfamilies related to Fig. 3d rescued (gray) in MCM2-R.MCM2-2A had n =32
upregulated repeat subfamilies and all repeat expression was rescued.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| H3K27me3 changes at gene promoters correlate

with differential gene expression in MCM2-2A cells. a, MA plots showing
H3K27me3 DO in MCM2-2A#2 relative to the H3K27me3, SUZ12, H3K27ac and
H3K4me3 signal in WT cells. H3K27me3 DO was analyzed in 5-kb bins overlapping
H3K27me3 WT promoters and H3K27me3, SUZ12, H3K27ac and H3K4me3
signalis depicted as mean log, counts per million (CPM). n =3 biological
replicates. b, Correlation of H3K27me3 and H3K27ac DO at promoters with DO
of H3K27me3 (n = 5131 DO H3K27me3 bins). Two-sided Pearson’s product
moment correlation coefficient. ¢, Hierarchical clustering of differentially
expressed (DE) genes bivalent promoters (MCM2-2A#2; n = 244) according to
changes in RNA, H3K27me3, H3K9me3, H3K27ac and H3K4me3 between MCM2-
2A#2and WT.d, Overlap of upregulated genes between all MCM2-2A clones (left;
MCM2-2A#all, see g) or MCM2-2A#2 (right) with SUZ12-KO DE genes™. One-
sided hypergeometric test Pvalues. e, Bar plot showing number of DE genesin
MCM2-2A rescued (gray) or not rescued (purple) in MCM2-R, related to Fig. 4d.
Percentage of rescued genes are indicated. f, PCA plot showing a shared

expression deviation of 8 MCM2-2A clones (orange) from 8 WT clones (blue)
based on all expressed genesin MCM2-2A and WT. n =biological replicates; WT#1
(n=5);WT#2, WT#3, WT#4, WT#6, WT#7, WT#8, MCM2-2A#4, MCM2-2A#5,
MCM2-2A#6, MCM2-2A#7, MCM2-2A#8 (n = 2); WT#5, MCM2-2A#2, MCM2-2A#3
(n=3); MCM2-2A#1 (n = 6). g, Differential expression analysis of WT and
MCM2-2A clonesinf. Selected gene are in color asindicated. Significant genes
(Ilog2 FC|>0.58, FDR < 0.01, Wald test) are in dark gray. FC against FDR is shown
per gene in MCM2-2A versus WT. h, Overlap of DE genes between MCM2-2A#2
(see Fig. 4d) and MCM2-2A#all (see g). One-sided hypergeometric test Pvalues.
i, Heatmaps showing relative expression of selected differentially expressed
genes in each of the analyzed clones. Values depict log,FC from the average of
allsamples. j-k, Dot plot of GO term enrichment analysis in the upregulated and
downregulated MCM2-2A#2 genes (j) or MCM2-2A#all (k) (Related to Fig.4d and
g, respectively). I, 2C-like genes® are enriched both in MCM2-2A#2 (left, see
Fig.4d) and in the shared MCM2-2A#all (right, see g) upregulated genesin gene
set enrichment analysis (GSEA).
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Extended Data Fig. 8| POLE4-KO ESCs shared expression changes with MCM2-

2A.a, Western blot analysis of POLE4-KO clones. b, Cell cycle distributionin
three POLE4-KO ESC clones is similar to WT. Bar plot shows the fraction of cells in
Gl1, Sand G2/M phase based on flow cytometry analysis of DNA content and EdU
labeling. Mean + s.d. of n = 3 biological replicates is shown, dots depict individual
datapoints. ¢, SCAR-seq profiles of H3K27me3 in POLE4-KO, MCM2-2A and WT
cellsrepresented asin Fig. 1. d, SCAR-seq analysis of nascent chromatin showing
lagging strand bias of old histones (H3K27me3) and leading strand bias of new
histones (H4K20meO) in two independent POLE4-KO clones. SCAR-seq average
profiles are shown asinFig. 1. e, Volcano plot showing differential expression
analysis. FC against FDR is shown per gene in POLE4-KO versus WT. Significant

genes|log2 FC|>0.58, FDR < 0.01, Wald test, are depicted in light blue.n=
biological replicates; WT#1 (n = 3), POLE4-KO#1 (n = 3), POLE4-KO#2 (n = 3),
POLE4-KO#3 (n=3).f, Volcano plot showing differential repeat expression
between POLE4-KO to WT. FC against FDR is shown per repeat subfamily-n.
Significant subfamilies | Log2FC|>0.58, FDR < 0.01, Wald test, are colored
accordingto repeat family. nasin e.g, Dot plot of GO term enrichment analysis
of biological processes in the downregulated genes and upregulated genes.

h, Gene set enrichment analysis (GSEA) of 2C-like genes®* among POLE4-KO
upregulated genes. i, Venn diagramillustrating overlaps of DE genes in POLE4-KO
and MCM2-2A cells. P-values, one-sided hypergeometric test.
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Extended Data Fig. 9| Timely transitions in cellular states are impaired in
MCM2-2A cells. a, Expression values and cell quantifications for selected repeats
DE in the total RNA-seq. Positive WT, MCM2-2A#2 and MCM2-R#2 cells are
depicted inbar plot. b, UMAP embedding showing expression of gene markers
used to classify ESC subpopulation clusters (see Fig. 5a). ¢, Enrichment of Zscan4
and MERVL double positive cells across the single cell clusters, related to Fig. 5a.
d, Velocity plot for combined population of all 3 cell lines based on splicing
kinetics showing the transcriptional dynamics intrinsic to the trajectories
between the different clusters. e, WT, MCM2-2A#2 and MCM2-2A-R#2 cells
projected on the common UMAP, showing the expression of selected gene
markers, bivalent and 2CLC genes DE in total RNA-seq. Bivalent upregulated
genes are over-represented in the naive pluripotency cluster region. f, Density
plots for genes from e across cells in WT, MCM2-2A#2 and MCM2-R#2 clones.
Plots asina.g, Cells double positive for Zscan4 and MERVL expressionin WT,

MCM2-2A and MCM2-R. Chi-square tests P values comparing cell counts for each
cellline. h, Representative images of | 6-wells containing alkaline phosphatase-
stained colonies from WT, MCM2-2A#2 and MCM2-R#2 cells. Zoom-in bright-
fieldimages (below). Scale bar =1 mm. Yellow asterisks, tight undifferentiated
colonies. i, Quantification of colonies from (h). Mean percentages are
represented with +s.d., n = 3 biological replicates. One-way ANOVA statistical
test Pvalues. j, Cell cycle distribution of single cells in each of the clustersin WT,
MCM-2A and MCM2-R displayed as relative cell amount (that is, percentage).
Note that the relative cell cycle distribution does not provide information on the
total number of cellsin each cluster. k, Density plots showing expression values
and cell quantifications for genes from e across all analyzed cells (MCM2-2A, WT
and MCM2-R) in the different cell cycle phases G1, S and G2/M. Positive cells in the
cell cycle phases G1, S and G2/M are depicted in a bar plot.
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Extended Data Fig. 10 | MCM2-2A mutation impairs differentiationin vitro
andinvivo. a, Bar plots representing the mean of PECAM-1 positive cells
quantified by flow cytometry in a 7-day time course of neuronal differentiation.
Dots depictindividual data points. n = 6 biological repeats. Two-way ANOVA
Statistical test Pvalues. b, ¢, Representative IF images of chimeric embryos
from 4-cellinjected morulae cultured until the hatched blastocyst stage in vitro
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50 pm). (c) Images on the left are stacks of multiple fields, images on the right
areindividual optical sections. Top left and bottom right show embryonic
contribution, top right shows scatter embryonic contribution and bottom left
image shows an example of no contribution as quantified in d. d, Quantification
of chimera contribution at blastocyst stage from 4-cell injections. n = number of
embryos; 21,22,19, left toright. e, Quantification of chimera contribution at E6.5
from 4-cell injections. n=number of embryos; 15,10, 16, left to right.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

S
Y
[+

X] The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
& A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
ZN' Only common tests should be described solely by name; describe more complex techniques in the Methods section.

D A description of all covariates tested

OX O OO

E A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

Xi A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

[]

X For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

D For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

E] For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OX X [

X Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above

Software and code

Policy information about availability of computer code

Data collection  -fasterg-dump from sra-toolkit (v. 2.10) was used to obtain all public external raw sequencing datasets.
- BD FACSDiva (v. 8)- FACS acquisition on the LSR Fortessa.
- LASFX software (v. 3.7.3.23245) - for confocal image acquisition.
- NextSeq 1000/2000 Control Software (v. 1.4.1.39716) and NextSeq Control Software (v. 4.0.1.41).

Data analysis quality control: fastgc (v.0.11.5) and multigc (v. 1.8), trimmomatic (v. 0.39), cutadapt (v. 2.5);
mapping: BWA (v. 0.7.17-r1188) for ChIP-seq and SCAR-seq, STAR (v. 2.7.1a) for RNA-seq, deepTools (v. 3.0), macs2 (v. 2.2.4), danpos
(v.2.2.2), DESeq2 (v 1.26), bedtools (v. 2.29), samtools (v. 1.9), TEcount (v. 2.1.3), TElocal (v.1.1.1); Data analyses: R (v. 4.3), bioconductor (v.
3.12), ggplot (v. 3.4.1), ChiP-seq: ChiPseeker (v. 1.26.2), ChIPpeakAnno (v. 3.24.2), edgeR (v. 3.32.1), DESeq2 (v. 1.30.1), csaw (v. 1.24.3),
clusterProfiler (v 3.18.1), GSEA (v. 4.0.3). RNA-seq: DESeqg2 (v. 1.30.1), clusterProfiler (v 3.18.1), GSEA (v. 4.0.3). scRNA-seq: cellranger
(v.6.0.2), Seurat (v. 4.0.4), DoubletFinder (v. 2.0.3), SeuratWrappers (v. 0.3.0), velocyto (version 0.17.17), monocle3 (v. 1.0.0), velocyto.R (v.
0.6), scran (v. 1.18.7), Clustree (v. 0.4.3), scTE (v. 1.0.)

Scripts and instructions for data processing and analyses are available at: https://github.com/anderssonlab/Wenger_et_al_2023

FlowlJo (v.10.4.2)
FCS Express 6.0 (v. 6.0).
GraphPad Prism (v. 9)

1202 Y210/
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Sequence data generated in this study have been deposited to NCBI GEO with the accession code GSE154391 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE154391). Proteomics data that support the findings of this study have been deposited to ProteomeXchange via PRIDE with the accession codes PXD020326
and PXD030364.

We used the following data to analyze our genomic data:

We used as reference genome Mus musculus mm10 and the Drosophila melanogaster dm6.

for genome annotations we used GENCODE vM23 (https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_ M23/gencode.vM23.annotation.gtf.gz).
ENCODE Black list (https://storage.googleapis.com/encode-pipeline-genome-data/mm10/mm10.blacklist.bed.gz).

Repeat subfamily annotations (https://labshare.cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_GTF/GRCm38_GENCODE_rmsk_TE.gtf.gz)

mESC OK-seq initiation zones (https://ftp.ncbi.nim.nih.gov/geo/samples/GSM3290nnn/GSM3290342 /suppl/GSM3290342_0k_IZ.txt.gz)

We re-analyzed the following mESC ChIP and RNA sequencing data:

H2AK119ubl (GSE132752: GSM3891343 and GSM3891344, inputs GSM3891350, GSM3891351); H3K27mel and H3K27me2 (GSE127117: GSM3625691 and
GSM3625689, input GSM3625706); H3K36me2 (GSE126864: SRR8601997, SRR86019978, SRR86019979, inputs SRR8602003, SRR8602004, SRR8602005);
H3K36me3 (ENCODE: GSM6373350 and GSM6373351, inputs GSM4051038, GSM4051039); SUZ12-KO RNA-seq (GSE127804); SETDB1-KO RNA-seq (BioProject
PRINA544540) and SUV39H1/2-dKO RNA-seq (GSE57092).
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

X Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. ChIP/SCAR-seq experiments were performed in a minimum of 2 biological
replicates to assure reproducibility according to the ENCODE ChIP guidelines (https://www.encodeproject.org/chip-seq/histone-encoded/).
For RNA-seq we performed a minimum of 3 biological replicates or 2 biological replicates when comparing multiple mutant clones where the
clones serve as biological replicates following the ENCODE RNA-seq guidelines (https://www.encodeproject.org/data-standards/encode4-
bulk-rna/#standards). All other experiments involving quantification were performed in a minimum of 3 biological replicates according to the
standard of the field.

Data exclusions No samples were excluded from analysis.
Replication All results were tested and confirmed with at least two independent biological experiments including 2 or more independent MCM2-2A,
POLE4-KO, or MCM2-R ESC clones, to assure reproducibility of the results. The single-cell RNA-seq experiment was performed in thousands of

cells in WT, MCM2-2A clone and MCM2-R clone. Note that replicate information for each experiment is provided in the figure legends and in a
detailed list of all sequencing data generated in this study provided in Supplementary Table 1.

Randomization = No method of randomization was applied as the study does not involve a clinical trial or human subjects. All cell lines, WT, mutant and rescue
cells were cultured together to reduce variability which is not the result of treatment/mutation.

Blinding No blinding method was applied. Genomic, proteomic and cell cytometry analysis does not apply subjective measurement. Chimera analyses
were performed and scored by two different individuals.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
@ Antibodies [] & ChIP-seq
@ Eukaryotic cell lines D X Flow cytometry
D Palaeontology and archaeology X D MRI-based neuroimaging

X Animals and other organisms
\j Human research participants

D Clinical data

XXX OX OO

D Dual use research of concern

Antibodies

Antibodies used Target_Supplier name_Catalog number_Clone name_Lot number_Application
H3K27me3_Cell Signaling_9733S_C36B11_14 and 16_ChIP
H3K4me3_Cell Signaling_9751S_C42D8_10_ChlIP
H3K9me3_abcam_ab176916_EPR16601_GR3218257-2_ChIP
H3K27ac_Epicypher_13-0045_n/a_20120001-28_ChIP
H4K20me0_abcam_ab227804_EPR22116_GR3269933-7_ChIP
SUZ12_Cell Signaling_3737S_D39F6_8_ChIP
Cytokeratin7_Santa Cruz_sc70936_5F282_L0210_IF
Gata6 XP_Cell Signaling_5851_D61E4_2_IF
Nanog_eBioscience_14-5761_eBioMLC-51_IF
Otx2_R&D_AF1979_n/a_KN0O0921031_IF
Pecam APC conj. (CD31)_BD Pharmingen_551262_MEC 13.3_6133900_Flow Cytometry
Tujl_Covance_mms-435p-250_TUJ1_d13AF00117_IF
Tubulin_abcam_ab6160_YL1/2_n/a_Western Blot
POLE4_gift from S. Boulton_n/a_n/a_n/a_Western Blot
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Validation All commercial antibodies were validated by the suppliers. The antibody against POLE4 was home-made and validated by the Boulton
lab (Bellelli et al, Mol Cell 2018). Additional information regarding specificity of the histone PTM antibodies used for ChIP is provided
below.

H3K27me3: The manufacturer has validated this antibody for ChIP using SimpleChIP Enzymatic Chromatin IP Kits and has determined
the specificity by peptide ELISA. The manufacturer states: "The antibody does not cross-react with non-methylated, mono-
methylated or di-methylated Lys27. In addition, the antibody does not cross-react with mono-methylated, di-methylated or tri-
methylated histone H3 at Lys4, Lys9, Lys36 or Histone H4 at Lys20." In addition, this antibody is widely used and has >800 product
citations.

H3K4me3: The manufacturer has validated this antibody for ChIP using SimpleChIP Enzymatic Chromatin IP Kits and has determined
the specificity by Western Blotting (use of competitor peptides). The manufacturer states: "This antibody shows some cross-reactivity
with histone H3 that is di-methylated on Lys4, but does not cross-react with non-methylated or mono-methylated histone H3 Lys4. In
addition, the antibody does not cross-react with methylated histone H3 Lys9, Lys27, Lys36 or methylated histone H4 Lys20." In
addition, this antibody is widely used and has >350 product citations.

H3K9me3: The manufacturer has validated this antibody for ChIP and has determined the specificity in a peptide array against 501
histone peptides (moderate cross-reactivity with 2 peptides: H3K4cr and H2BK20cr). In addition, this antibody was tested by
Epicypher in a SNAP-ChIP assay (spike-in of barcoded recombinant nucleosomes) and passed both the specificity and IP efficiency
criteria (personal communication with Danielle Maryanski).

H3K27ac: This antibody was validated by the manufacturer and meets the “SNAP-ChIP® Certified” criteria for specificity and efficient
target enrichment in a ChIP experiment (<20% cross-reactivity across the panel, >5% recovery of target input). The manufacturer
states: "This antibody reacts to H3K27ac and no cross reactivity with other lysine acylations in the EpiCypher SNAP-ChIP K-AcylStat
panel, is detected. Antibody binding to H3K27ac in the context of phosphorylation at $28 (H3K27acS28ph) is inhibited to varying
degrees in Luminex and ChIP."

H4K20meO0: The manufacturer has validated this antibody for ChIP and has determined the specificity in a peptide array (moderate
cross-reactivity with R19mel, R19me2a and R23mel).

SUZ12: The manufacturer has validated this antibody for ChIP using SimpleChIP Enzymatic Chromatin IP Kits and specify that the
antibody can detects endogenous levels of SUZ12 protein.

Cytokeratin7: Recommended my the manufacturer for detection of Cytokeratin 7 of mouse, rat, human, hamster, canine and porcine
origin by WB, IP, IF, IHC(P) and FCM.

Gata6: The manufacturer has validated this antibody for ChIP using SimpleChIP Enzymatic Chromatin IP Kits and is certified for the
usage for cut&run, ChiP-seq, Flow cytometry, Immunofluorescence (IF) and Western Blot (WB) for detection of endogenous protein
levels.

Nanog: The manufacturer validated the specificity of the antibody using both relative expression comparing the Nanog protein levels
using western blot in F9 cell line (cell line that is known to express NANOG) to other cell line which are know to be negative to Nanog.




The antibody was shown in multiple published research for IF and WB.
PECAM APC conj. (CD31): The manufacturer routinely test the antibody for its application in flow cytometry.

Tujl: The antibody is verified by the manufacturer for WB and ICC and each lot is quality control tested by formalin-fixed paraffin
embedded immunohistochemical staining.

Tubulin: The antibody is validated as Western Blot loading control by the manufacturer and its performance is guaranteed for Flow
Cytometry, IF and IHC-P.

Eukaryotic cell lines
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Cell line source(s) E14)JU cell line with a 129/0la background was derived at the Brickman lab (Hamilton et al. 2013)
Authentication The used cell line was not authenticated.
Mycoplasma contamination All used cell lines were tested regularly for mycoplasma contamination and tested negative.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8 C57BL/6NRj female mice a (4 weeks) underwent super-ovulation to obtain morulae. Embryos background C57BL/6NRj were
injected to 32 CD1 (RjOrk:SWISS) receptor female (9-13 weeks).

Wild animals This study did not involve wild animals.
Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal work was carried in accordance with European legislation. All work was authorized by and carried out under Project
License 2018-15-0201-01520 issued by the Danish Regulatory Authority.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChlP-seq

Data deposition
X Confirm that both raw and final processed data have been deposited in a public database such as GEO.

x Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Sequencing data have been deposited to NCBI GEO under accession number GSE154391. Access: https://
May remain private before publication.  www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154391; token: mfyjiwkudrkrruj. All ChIP-seq data are collected in the sub-
series GSE154379.

Files in database submission ChIP_410_H3K27me3_rl
ChIP_421_H3K27me3_rl
ChIP_439_H3K27me3_rl
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ChIP_421_H3K9me3_r2
ChIP_439_H3K9me3_r2
ChIP_442_H3K9me3_r2
ChIP_410_KSme3_input_rl
ChIP_421_K9me3_input_rl
ChIP_439_K9me3_input_rl
ChIP_442_K9me3_input_rl
ChIP_410_K9me3_input_r2
ChiP_421_K9me3_input_r2
ChIP_439_K9me3_input_r2

ChIP_442 K9me3_input_r2
ChIP_410_H3K27ac_rl
ChIP_421_H3K27ac_rl
ChIP_439_H3K27ac_rl
ChIP_442_H3K27ac_rl
ChIP_410_H3K27ac_r2
ChiP_421_H3K27ac_r2
ChIP_439_H3K27ac_r2
ChIP_442_H3K27ac_r2
ChIP_410_K27ac_input_rl
ChIP_421_K27ac_input_rl
ChIP_439_K27ac_input_rl

ChIP_442 K27ac_input_rl
ChIP_410_K27ac_input_r2
ChIP_421_K27ac_input_r2
ChIP_439_K27ac_input_r2

ChIP_442 K27ac_input_r2
ChIP_410_SUZ12_r1
chiP_439_SUZ12_r1
ChIP_442_SuUZ12_r1
ChIP_410_SUZ12_r2
chiP_439_SUZ12_r2
ChlIP_442_SUZ12_r2
ChiP_410_SUZ12_r3
ChIP_439_SUZ12_r3
ChiP_442_SUZ12_r3
ChIP_410_SUZ12_input_rl
ChIP_439_SUZ12_input_rl
ChIP_442_SUZ12_input_rl
ChIP_410_SUZ12_input_r2
ChIP_439_SUZ12_input_r2
ChlIP_442_SUZ12_input_r2
ChIP_410_SUZ12_input_r3
ChiP_439_SUZ12_input_r3
ChIP_442_SUZ12_input_r3
ChIP_410_H3K27me3_rescue_exp_rl
ChIP_442 H3K27me3_rescue_exp_rl
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Genome browser session http://genome.ucsc.edu/s/nalcaraz/rep_chromatin_TC
(e.g. UCSC)
Methodology
Replicates Histone PTM ChIP-seq experiments for H3K27me3, H3K4me3, H3K9me3 and H3K27ac were performed in WT cells and 3 MCM2-2A

clones (2 biological replicates). In addition, ChIP-seq for H3K27me3, H3K9me3 and H3K4me3 was performed in the rescue cell line
MCM2-R and these experiments included WT cells, 1 MCM2-2A clone and 1 MCM2-R clone (3 biological replicates). The SUZ12 ChIP-
seq experiment was performed in WT cells and 2 MCM2-2A clones (3 biological replicates).

Sequencing depth Experiment Mapped_reads Uniquely_mapped_reads read_length single/paired
ChIP_410_H3K27me3_rl 32491978 25222138 76 single
ChIP_421_H3K27me3_rl 25298114 19634316 76 single
ChIP_439_H3K27me3_rl 33617513 25732354 76 single
ChIP_442_H3K27me3_rl 32988896 25002130 76 single
ChIP_410_H3K27me3_r2 29959330 23393559 76 single
ChiP_421_H3K27me3_r2 33565613 25559998 76 single
ChlIP_439_H3K27me3_r2 35667612 27021800 76 single
ChIP_442_H3K27me3_r2 32684412 24495047 76 single
ChIP_410_K27me3_input_rl 7632686 6071150 76 single
ChIP_421_K27me3_input_rl 8776765 6907667 76 single
ChlIP_439_K27me3_input_rl 7758642 6089336 76 single
ChIP_442 K27me3_input_rl 7992773 6320693 76 single
ChiP_410_K27me3_input_r2 8609543 6834663 76 single
ChIP_421_K27me3_input_r2 7772332 6121143 76 single
ChiIP_439_K27me3_input_r2 8408310 6594216 76 single
ChIP_442_K27me3_input_r2 8296248 6545598 76 single
ChiP_410_H3K4me3_rl 65720352 44896610 76 paired-end
ChIP_421_H3K4me3_rl 57616757 39306570 76 paired-end
ChIP_439_H3K4me3_rl 63393741 43961247 76 paired-end
ChIP_442_H3K4me3_rl 61731372 42881472 76 paired-end
ChIP_410_H3K4me3_r2 62675087 42767767 76 paired-end
ChiP_421_H3K4me3_r2 51793906 35973361 76 paired-end
ChiP_439_H3K4me3_r2 63035662 43717478 76 paired-end
ChiP_442_ H3K4me3_r2 61127874 42169818 76 paired-end
ChIP_410_K4me3_input_rl 16443636 12306142 76 paired-end
ChIP_421_K4me3_input_rl 16331611 12196614 76 paired-end




ChIP_439_K4me3_input_rl 19436777 14481312 76 paired-end
ChIP_442_ K4me3_input_rl 17805958 13365970 76 paired-end
ChiP_410_K4me3_input_r2 21931549 16473868 76 paired-end
ChIP_421_K4me3_input_r2 18487187 13827884 76 paired-end
ChiP_439_K4me3_input_r2 17249031 12859664 76 paired-end
ChiP_442_ K4me3_input_r2 17827227 13364862 76 paired-end

ChIP_410_H3K9me3_r1 30

121814 11001514 76 single

ChIP_421_H3K9me3_rl 24924740 14818722 76 single
ChIP_439_H3K9me3_rl 35409588 17846281 76 single
ChIP_442_H3K9me3_r1 38887065 20510186 76 single
ChIP_410_H3K9me3_r2 29906145 10525622 76 single
ChIP_421_H3K9me3_r2 37202731 21728749 76 single
ChIP_439_H3K9me3_r2 31062226 15473030 76 single
ChIP_442_H3K9me3_r2 32940263 17203484 76 single

ChIP_410_K9me3_input_rl
ChIP_421_KS9me3_input_rl
ChIP_439_K9me3_input_rl
ChIP_442_K9me3_input_rl
ChIP_410_KSme3_input_r2
ChIP_421_K9me3_input_r2
ChIP_439_K9me3_input_r2
ChiP_442_KSme3_input_r2

7485223 5962574 76 single
8761128 6920836 76 single
8281931 6521075 76 single
9368183 7410857 76 single
8242269 6547378 76 single
9031566 7133745 76 single
7912067 6226767 76 single
8143784 6426369 76 single
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ChIP_410_H3K27ac_rl 71159842 57975080 76 paired-end
ChIP_421_H3K27ac_rl 62535635 49602422 76 paired-end
ChlIP_439_H3K27ac_rl 74139004 59663534 76 paired-end
ChIP_442_H3K27ac_r1 61668157 49142638 76 paired-end
ChIP_410_H3K27ac_r2 63713987 51796456 76 paired-end
ChIP_421_H3K27ac_r2 85381307 67699946 76 paired-end
ChlIP_439_H3K27ac_r2 84929755 68912606 76 paired-end
ChIP_442_H3K27ac_r2 65638553 53573060 76 paired-end

ChIP_410_K27ac_input_rl
ChIP_421_K27ac_input_rl
ChIP_439_K27ac_input_rl
ChiP_442_K27ac_input_rl
ChIP_410_K27ac_input_r2
ChIP_421_K27ac_input_r2
ChIP_439_K27ac_input_r2
ChIP_442_K27ac_input_r2

20525855 15734274 76 paired-end
19642875 14944848 76 paired-end
17396774 13190286 76 paired-end
21567354 16558462 76 paired-end
21567362 16537874 76 paired-end
21034645 16168984 76 paired-end
20882713 16057536 76 paired-end
27184281 21100088 76 paired-end

ChIP_410_SUZ12_r1 56748290 42871748 76 paired-end
ChIP_439_SUZ12_r1 45169429 33960370 76 paired-end
ChiP_442_SUZ12 _rl1 51210327 38151270 76 paired-end
ChIP_410_SUZ12_r2 62831032 47322686 76 paired-end
ChIP_439_SUZ12_r2 53370258 39799466 76 paired-end
ChIP_442_SUZ12 _r2 47826878 35969164 76 paired-end
ChIP_410_SUZ12_r3 57026135 43274542 76 paired-end
ChIP_439_SUZ12_r3 55726908 42144886 76 paired-end
ChiP_442_SUZ12_r3 58359504 44126620 76 paired-end

ChIP_410_SUZ12_input_rl
ChiP_439_SUZ12_input_rl
ChiP_442_SUZ12_input_rl
ChIP_410_SUZ12_input_r2
ChIP_439_SUZ12_input_r2
ChlIP_442_SUZ12_input_r2
ChIP_410_SUZ12_input_r3
ChIP_439_SUZ12_input_r3
ChiP_442_SUZ12_input_r3

28819053 20758110 76 paired-end
31285062 22542748 76 paired-end
30316185 22003736 76 paired-end
29613212 21406884 76 paired-end
30142234 21738580 76 paired-end
28212447 20469294 76 paired-end
31125255 22598262 76 paired-end
28465502 20586140 76 paired-end
29531116 21509152 76 paired-end

ChIP_410_H3K27me3_rescue_exp_rl 98957907 78058112 100 paired-end
ChIP_442_H3K27me3_rescue_exp_rl 112493700 84062398 100 paired-end
ChIP_588_H3K27me3_rescue_exp_rl 97095767 76298632 100 paired-end
ChIP_410_H3K27me3_rescue_exp_r2 116346766 88989298 100 paired-end
ChIP_442_H3K27me3_rescue_exp_r2 86310237 64824554 100 paired-end
ChIP_588_H3K27me3_rescue_exp_r2 117080433 91154260 100 paired-end
ChIP_410_H3K27me3_rescue_exp_r3 135722186 104432222 100 paired-end
ChIP_442 H3K27me3_rescue_exp_r3 141351073 104692972 100 paired-end
ChIP_588_H3K27me3_rescue_exp_r3 119275912 93167928 100 paired-end
ChIP_410_K27me3_input_rescue_exp_rl 84488343 63829180 100 paired-end
ChIP_442 K27me3_input_rescue_exp_rl 94885405 70952962 100 paired-end
ChIP_588_K27me3_input_rescue_exp_rl 85536264 64402900 100 paired-end
ChIP_410_K27me3_input_rescue_exp_r2 75632489 56697640 100 paired-end
ChIP_442_K27me3_input_rescue_exp_r2 74723734 55882006 100 paired-end
ChIP_588_K27me3_input_rescue_exp_r2 73253757 55483354 100 paired-end
ChIP_410_K27me3_input_rescue_exp_r3 72402471 54639512 100 paired-end
ChiP_442_K27me3_input_rescue_exp_r3 86695015 65436746 100 paired-end
ChIP_588_K27me3_input_rescue_exp_r3 72981457 55318590 100 paired-end
ChIP_410_H3K9me3_rescue_exp_rl 143114351 58566226 100 paired-end
ChIP_442_H3K9me3_rescue_exp_rl 151075938 86737722 100 paired-end




ChIP_588_H3K9me3_rescue_exp_rl 148458388 62323586 100 paired-end
ChIP_410_H3K9me3_rescue_exp_r2 160448597 62627150 100 paired-end
ChiIP_442_H3K9me3_rescue_exp_r2 163661702 92296266 100 paired-end
ChIP_588_H3K9me3_rescue_exp_r2 144915853 58187774 100 paired-end
ChIP_410_H3K9me3_rescue_exp_r3 156647118 60414968 100 paired-end
ChiP_442_H3K9me3_rescue_exp_r3 168219311 94809658 100 paired-end
ChIP_588_H3K9me3_rescue_exp_r3 157915955 60519344 100 paired-end
ChIP_410_KSme3_input_rescue_exp_rl 75601299 56599584 100 paired-end
ChIP_442_K9me3_input_rescue_exp_rl 65665757 50660114 100 paired-end
ChIP_588_K9me3_input_rescue_exp_rl 75747161 57449024 100 paired-end
ChIP_410_K9me3_input_rescue_exp_r2 78647803 59398758 100 paired-end
ChIP_442_K9me3_input_rescue_exp_r2 84683290 63534972 100 paired-end
ChIP_588_K9me3_input_rescue_exp_r2 73895779 56332044 100 paired-end
ChiIP_410_K9me3_input_rescue_exp_r3 84200577 63591870 100 paired-end
ChIP_442_K9me3_input_rescue_exp_r3 88060636 65743550 100 paired-end
ChIP_588_K9me3_input_rescue_exp_r3 86631920 65084294 100 paired-end
ChIP_410_H3K4me3_rescue_exp_rl 66462448 47982532 100 paired-end
ChIP_442_H3K4me3_rescue_exp_rl 63167689 45223148 100 paired-end
ChIP_588_H3K4me3_rescue_exp_rl 57296517 40945622 100 paired-end
ChIP_410_H3K4me3_rescue_exp_r2 56825175 41309132 100 paired-end
ChIP_442_H3K4me3_rescue_exp_r2 59127229 43148142 100 paired-end
ChIP_588_H3K4me3_rescue_exp_r2 49993212 37045546 100 paired-end
ChIP_410_H3K4me3_rescue_exp_r3 63655156 46522364 100 paired-end
ChIP_442 H3K4me3_rescue_exp_r3 62283572 44991740 100 paired-end
ChIP_588_H3K4me3_rescue_exp_r3 65526508 47314152 100 paired-end
ChIP_410_K4me3_input_rescue_exp_rl 47418077 35486088 100 paired-end
ChIP_442_K4me3_input_rescue_exp_rl 54992100 40624866 100 paired-end
ChlIP_588_K4me3_input_rescue_exp_rl 47157345 35345598 100 paired-end
ChIP_410_K4me3_input_rescue_exp_r2 33647078 25084258 100 paired-end
ChIP_442_K4me3_input_rescue_exp_r2 44859931 33317780 100 paired-end
ChIP_588_K4me3_input_rescue_exp_r2 32612897 24298300 100 paired-end
ChIP_410_K4me3_input_rescue_exp_r3 39378061 29368734 100 paired-end
ChlIP_442_K4me3_input_rescue_exp_r3 48246102 35795982 100 paired-end
ChiP_588_K4me3_input_rescue_exp_r3 47260047 34973228 100 paired-end
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Antibodies Target_Supplier name_Catalog number_Clone Name_Lot number
H3K27me3_Cell Signaling_9733S_C36B11_14 and 16
H3K4me3_Cell Signaling_9751S_C42D8_10
H3K9me3_abcam_ab176916_EPR16601_GR3218257-2
H3K27ac_Epicypher_13-0045_n/a_20120001-28
SUZ12_Cell Signaling_3737S_D39F6_8

Peak calling parameters macs2 parameters --nomodel -p 0.01 (H3K4me3, H3K27ac, SUZ12)
and dregion (danpos2 pacakage) with default parameters (H3K27me3, H3K9me3)

Data quality ChiP-seq libraries were assessed with NFR, PBC1 and PBC2 scores for library complexity, cross correlation scores NSC, RSC, fingerprint
plots and Fraction of reads in Peaks.

Software For processing and peak calling the ENCODE ChIP-seq pipeline (version 1.3.6) was used. Briefly, adapters and low quality reads were
filtered with cutadapt (version 2.5), reads were mapped to a hybrid mouse (mm10) and fly (dm3) genome with bwa, duplicate reads
were removed with picard (version 2.20.7), ENCODE mm10 blacklist regions were masked and only reads with mapping quality above
30 were considered for further downstream analyses. For peak calling, macs2 was used for narrow histone marks and SUZ12,
whereas dregion (from the danpos2 package) was used for calling peaks in broad histone marks.

Flow Cytometry

Plots

Confirm that:
X The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
x All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation We used flow cytometry for cell cycle analysis of ESCs and for quantification of cell populations expressing marker genes
before and after ESC differentiation. Details of the experimental procedures are provided in the methods section.
Instrument Cell cycle analysis: BD Biosciences, BD FACS Calibur and LSR Fortessa; Differentiation experiments: BD Biosciences, LSR

Fortessa




Software

Cell population abundance

Gating strategy

Cell cycle data were collected with CellQuest Pro and analysed with FlowJo (v.10.4.2). Differentiation data were collected
with FACS Diva and analyzed in FCS Express 6 (v. 6) .

For the cell cycle analysis mESC are known to have more than 60% cells in S-phase and 10-20% of cells in G1 and G2/M,
comparable to our findings. During differentiation we followed gradual reduction in PECAM positive cells, being able to

evaluate the subpopulation abundance change during differentiation.

Cell cycle analysis: 1) FSC/SSC gates were used to define a homogeneous cell population, 2) H/A gates of propidium iodide

(DNA content) was used to exclude doublets, 3) For gating EdU-positive cells, a no-EdU sample was used as negative control.

(Supplementary Fig. 1)

For differentiation analysis: 1) FSC/SSC gates were used to define a homogeneous cell population, 2) FSC H/FSC W gates
were used to exclude doublets, 3) DAP| negative gate was used to select live population, 4) Specific surface marker
fluorochrome (Pecam-APC) was used to analyze percentage of undifferentiated cells. (Sapplementary Fig. 2)

X Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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