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DNA and Histone 3 Lysine 27 methylation typically function as repressive
modifications and operate within distinct genomic compartments. In
mammals, the majority of the genome is kept in a DNA methylated state,
whereas the Polycomb repressive complexes regulate the unmethylated
CpG-rich promoters of developmental genes. In contrast to this general
framework, the extra-embryonic lineages display non-canonical, globally
intermediate DNA methylationlevels, including disruption of local
Polycomb domains. Here, to better understand this unusual landscape’s
molecular properties, we genetically and chemically perturbed major
epigenetic pathways in mouse trophoblast stem cells. We find that the
extra-embryonic epigenome reflects ongoing and dynamic de novo methy-
Itransferase recruitment, whichis continuously antagonized by Polycomb
to maintainintermediate, locally disordered methylation. Despite its
disorganized molecular appearance, our data point to a highly controlled
equilibrium between counteracting repressors within extra-embryonic
cells, one that can seemingly persist indefinitely without bistable features

typically seen for embryonic forms of epigenetic regulation.

DNA methylation is a covalent, reversible epigenetic modification
that predominantly occurs at cytosines in the CpG dinucleotide con-
text'. In healthy somatic cells, CpG methylation is bistable and largely
determined by local CpG density: the majority of genomic CpGs are
sparsely distributed and uniformly methylated, while CpG-dense
regions—termed CpG islands (CGls)—found at developmental and
housekeeping gene promoters remain fully unmethylated®*. As these
genetic elements are generally protected from DNA methylation, tran-
scriptional repression is instead carried out by Polycomb repressive
complex (PRC) 1and 2, chromatin modifiers that are responsible for

catalysing ubiquitylation of lysine 119 on histone H2A (H2AK119ub1)
(refs.4,5) and mono-, di- and trimethylation of lysine 27 on histone H3
(H3K27mel/2/3) (refs. 6,7), respectively.

Although PRCs and DNA methyltransferases (DNMTs) biochemi-
callyinteract, showbroad genomic co-occupancy and are both essen-
tial for proper cell fate control during early embryogenesis® ™, these
repressive pathways do not appear to simultaneously modify chro-
matin in healthy somatic cells"¢. Developmental gene promoters
instead appear to preserve a constitutively unmethylated state for the
majority of the mammalian lifecycle. DNA methylation and H3K27me3
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can co-occur across CGls when de novo DNMTs are ectopically over-
expressed, but in this context H3K27me3 is depleted over time®. In
contrast, naive pluripotent stem cells have demonstrated the unique
ability to transition into and out of a globally hypomethylated state
without compromising their viability,and do so viagenome-wide com-
pensation by PRC2 (refs.17-20). Across these cases, the co-existence of
PRC2 and DNMT-associated modifications is generally considered to
betransientand unstable, such that repressive chromatinis ultimately
dominated by one or the other.

The governing principles of epigenomic regulation are far more
completely understood for embryonic stem cells (ESCs) and their
derivatives thanthey are for the extra-embryonic lineages that emerge
in parallel over early mammalian development. Notably, the major
extra-embryoniclineages—the placenta-forming extra-embryonicecto-
derm (ExE) and yolk sac-forming extra-embryonic endoderm—both
differentiate away from the embryo proper during pre-implantation
development, a period of global DNA hypomethylation that follows
fertilization>**2, As the embryo implants, the extra-embryonic lineages
diverge toacquire an atypical epigenomiclandscape characterized by
globally intermediate methylation that encroaches into canonically
protected Polycomb territories found at developmental genes**. Over
the past several decades, ESCs*, epiblast stem cells**%, trophoblast
stem cells (TSCs)*® and extra-embryonic endoderm stem cells?” have
been utilized as powerful cell culture models that preserve some degree
oftheir native developmental potential and are believed to reflect the
epigenetic status of transient progenitor states*’. Many key discover-
ies about epigenetic regulation have been derived exclusively from
mouse ESCs'**, while models for other lineages have overall received
less attention®. As a result, the rather unusual epigenome of mouse
and human extra-embryonic cell lines has not been investigated in
comparative detail***%**3*,

Inthis Article, we sought toinvestigate the fundamental molecu-
lar principles of the mouse TSC epigenome through a combination
of chemical and genetic perturbation experiments. In particular, we
highlight an active, ongoing recruitment of DNA methyltransferase
3B (DNMT3B) to direct global and CGl-specific methylation levels and
showa counteractingrole for Polycomb to prevent global hypermethyl-
ation. Moreover, we find that thisintermediate methylation landscape
isstrikingly elasticand canbe drawn to high or low global methylation
values without losing the ability to return tointermediate steady-state
levels. Together, our findings provide crucial insightsinto the complex
interplay of positive and negative regulators of DNA methylation,
including a non-canonical, but nonetheless stably propagating con-
figuration of epigenetic repressors within extra-embryonic lineages.

Results
Mouse TSCs preserve intermediate methylation
Multiple regulatory and biochemical properties of the extra-embryonic
epigenome remain unknown. We therefore evaluated the utility of
mouse TSCs as a cell culture model for a systematic multi-layered inves-
tigation®°, We first generated whole genome bisulfite sequencing
(WGBS) data for four different TSClines (male and female lines, derived
in two different labs) and found that intermediate methylation levels
seeninvivoareretained and most pronounced across megabase-scale
partially methylated domains (PMDs)*. Similarly, we confirmed that
hypermethylated CGls (hyper CGls, defined in mouse ExXE) remain
intermediately methylated and notably overlap with canonical targets
of PRC2inmouse ESCs (Fig.1a,b and Extended Data Fig.1a-e).In com-
bination, these differentially methylated features represent a major
departure from the somatic methylome, which acquires its bimodal
status within the post-implantation epiblast and is then propagated
throughout subsequent development*¢,

The persistence of extra-embryonic methylation patternsin vitro
allowed us to functionally evaluate whether intermediate methyla-
tion is still primarily maintained by the methyltransferase DNMT1 or

requires continuous de novo methyltransferase activity to counteract
constant turnover. Interestingly, we found that TSCs maintain their
global methylation levels in a state of high entropy* *°, a disordered
form of DNA methylation characterized by a broad distribution of
unique epialleles across individually measured reads (Fig. 1c and
Extended Data Fig. 1f). We reasoned that, if these distinct patterns
are largely non-dynamic, single cell-derived subclones would differ
substantially from the bulk population because they would largely
propagate inherited methylation patterns from their parent cells. In
contrast, if high entropy is better explained by dynamic exchange
between methylated and unmethylated states, subclonal lines would
quickly re-establish high entropy levels due to rapid turnover at single
CpGs. Todistinguish between these models, we sorted and expanded a
total of 38 single TSCs from two parent lines and cultured them for four
to five passages (Extended Data Fig. 2a). Genome-wide assessment of
methylated CGls using reduced representation bisulfite sequencing
(RRBS, ref. 41) showed that each clone re-acquired comparable high
entropy levels (Fig. 1d and Extended Data Fig. 2b,c), confirming that
CpG methylation patterns are continuously evolving within these
TSC populations.

We then investigated DNA methylation heterogeneity across
larger genomic spans through long-read nanopore sequencing. Our
extended in-phase methylation measurements were consistent with
our short-read WGBS data, but allowed us to examine the coordination
and degree of epigenetic variation across multi-CGl territories, suchas
those typically found at Polycomb-regulated gene promoters (Fig. 1e
and Extended Data Fig. 2d). With these data, we confirm that CGls
captured within the same read display a similar degree of disordered
methylation. Moreover, CGls captured in phase tended to show com-
parable methylation levels relative to the unphased average, indicating
adegree of local coordination (ranging from 1 kb up to 50 kb; Fig. 1f
and Extended Data Fig. 2e). Together, these observations support a
model where population-wide intermediate methylation reflects the
heterogeneous epigenetic status of individual alleles.

The bimodal DNA methylation landscape of somatic cells is estab-
lished within the post-implantation epiblast and propagated through-
out foetal gestation and life. To determine if the extra-embryonic
epigenome was similarly stable over placental differentiation, we
examined global and hyper CGl methylation in vivo from undifferen-
tiated embryonic day (E)6.5 EXE as well as late gestational labyrinth
andjunctional zone tissue**. We found that intermediate methylation
persists to term within both placental lineages (Extended DataFig. 2f),
highlighting the maintenance of this unusual landscape throughout
the duration of foetal development.

The TSC epigenome shows enhanced global H3K27me3
InTSCs, intermediate methylationis found across gene-poor PMDs as
well as canonical Polycomb targets, which are generally retained within
distinct nuclear compartments. PMDs are overall maintained as con-
stitutive heterochromatin and found near the nuclear lamina, whereas
Polycomb-regulated loci are enriched within the nuclear interior to
support context-specificgene induction*’. To determine if intermediate
DNA methylationalters nuclear topology, we generated high-coverage
Hi-C datato measure the 3D genome organization of TSCs. For compari-
son, we used mouse ESC data cultured in serum/leukaemiainhibitory
factor (LIF) because these cells display embryonic DNA methylation pat-
terns and stably maintain well-characterized epigenomic features* ™,
Despite their divergent epigenomes, A (euchromatic) and B (hetero-
chromatic) compartment organization is very similar between these
two cell types, suggesting that the TSC epigenome may not reflect
global changes to nuclear reorganization at these scales (Fig. 2a,b
and Extended Data Fig. 3a—c)*. Similarly, Polycomb-regulated genes
remained predominantly within Acompartments, indicating that these
regions retain topological features of euchromatin despite elevated
DNA methylation levels (Fig. 2c-e).
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Fig.1|Dynamic turnover of globally intermediate DNA methylation.

a, Genome browser tracks of CpG methylation and methylation entropy for murine
epiblast (Epi), EXEand TSCs. b, Methylation of HMDs (n = 959,249 1 kb tiles),
PMDs (n = 954,783 1kb tiles) and hyper CGlIs (n=1,102) in TSCs (single biological
replicate). Pie chart shows the fraction of hyper CGls targeted by PRC2 in ESCs.
White dots denote the median, edges the interquartile range (IQR) and whiskers
either 1.5x IQR or minima/maxima (if no point exceeded 1.5x IQR; minima/
maxima are indicated by the violin plot range). ¢, Scatter plot comparing mean
methylation entropy and mean CpG methylation at hyper CGlsin TSCs. d, Box
plots of methylation entropy per 4-mer (n =21,952) in hyper CGls for individual
subclones (RRBS data). Each subclone reaches similar entropy levels (low for
ESCs, high for TSCs) toinsilico generated bulk data. Lines denote the median,

e Methylated CpG

edges the IQR and whiskers either 1.5x IQR or minima/maxima (if no point
exceeded 1.5 IQR; outliers were omitted). e, Top: genome browser track of the
Hoxalocus comparing WGBS and long-read data. Bottom: single reads (98 kb
average read length) all display intrinsically heterogeneous methylation. Missing
CpGs withinreads reflect low likelihood of the methylation call (Methods).

f, Fraction of concordant reads that span two hyper CGls (n =383 CGl pairs, 210x
coverage). Aread is termed ‘concordant’ if CGI pairs are both above or below the
median of their unphased values. Coordination between CGl pairs is apparent
compared to randomly shuffled, unphased averages. Hoxa locus pairs are marked
inred. Lines denote the median, edges denote the IQR, whiskers denote 1.5x IQR
and minima/maxima are represented by dots.

We next examined the genomic distribution of chromatin modi-
fications that have predictable relationships to DNA methylation in
somatic contexts. We pursued a quantitative chromatinimmunopre-
cipitation followed by sequencing (ChIP-seq) method (multiplexed
indexed unique molecule T7 amplification end-to-end (MINUTE)-ChIP,
ref. 48) that allowed us to directly compare the genomic distribution

and levels of different modificationsin TSCs alongside ESC control sam-
ples. We prioritized the histone modifications H3K4me3, H3K27me3
and H2AK119ubl, which regulate unmethylated developmental gene
promoters in embryonic cells*~", Surprisingly, H3K27me3 remained
enriched at methylated CGls, with higher levels than observed for ESCs
(Fig. 2f,g and Extended Data Fig. 3g). Moreover, TSCs show higher
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Fig.2|Global increase of H3K27me3 in TSCs compared to ESCs. a, Log, fold
change of normalized Hi-C contact frequencies in TSCs compared with ESCs
(two merged technical replicates per cell type; this also applies to b-e) on
chromosome 1(100 kb bins). Top and left: first principal component illustrating
ESC compartments (A, positive values; B, negative values). b, Box plots of

Hi-C A/B compartment interaction ratios per 100 kb bin (n =23,482 bins, see
Methods). The A/Binteraction ratio differs significantly between ESCs and
TSCs for Bcompartments (two-sided Wilcoxon rank-sum test, P= 0.0177 and
P<2.2x107for Aand B compartments, respectively). However, the overall
effectis minimal. Lines denote the median, edges denote the IQR, whiskers
denote 1.5% IQR and minima/maxima are represented by dots. ¢, Density plot
comparing PClacross 100 kb tiles (n =24,026). Green dots mark tiles overlapping
hyper CGls (n =833).d, PClvalues for tiles overlapping hyper CGls (n = 833) do
notsignificantly differ between ESCs and TSCs (two-sided Wilcoxon rank-sum
test, P=0.2893). Lines denote the median, edges denote the IQR, whiskers

denote1.5x IQR and minima/maxima are represented by dots. e, Fraction of
hyper CGls in Aand B compartments do not significantly differ between ESCs and
TSCs (two-sided chi-squared test, P=0.2063).f, Genome browser tracks of the
Prdm1i2locus. In ESCs, unmethylated CGls are enriched for H3K4me3 as well as
for repressive H3K27me3 and H2AK119ubl. In TSCs, CGl methylation increases
while H3K4me3 decreases. H3K27me3 spreads further into the flanking regions
but remains enriched over CGls. g, Density plots comparing DNA methylation
(delta) and histone modifications (log, fold change) in TSCs compared with ESCs
(1kbtiles, n=3 merged biological replicates for each cell type). Globally, TSCs
lose genome-wide methylation and gain H3K27me3. In contrast, tiles overlapping
hyper CGls show further H3K27me3 enrichment. Although TSCs tend to subtly
increase global H3K4me3 signal, hyper CGIs demonstrate a clear loss. The global
enrichment for H3K4me3 appears to correspond to differential retrotransposon
regulation (see Extended Data Fig. 3g).

global enrichment for H3K27me3 across the genome as a whole, sug-
gesting redeployment of PRC2 across the majority of intermediately
methylated sequences. We also confirmed this global H3K27me3 eleva-
tion in TSCs via western blot as well as mass spectrometry (MS) for
histone modifications (Extended DataFig. 3e,f).

Combined withour MINUTE-ChIP data, our results point to abroad
redistribution of PRC2 activity across the TSC epigenome (Fig. 2f,g and
Extended Data Fig. 3d-g). In contrast, PRC1-mediated H2AK119ub1l
levels remained largely stable between both cell types and H3K4me3
enrichment continued to be negatively correlated with DNA meth-
ylation, particularly at the CGl-enriched promoters of housekeeping
genes (Fig. 2f,g and Extended DataFig.3d,e,g). Inkeeping with thisrule,
H3K4me3 was generally depleted from methylated CGls, despite their
frequent localization within developmental gene promoter regions
(Fig.2g and Extended DataFig. 3g). We also found that TSCs exhibited
enrichedintergenic H3K4me3 signal, particularly within Intracisternal
A-type particle (IAP)-family endogenous retroviruses that may have
lineage-specific activity (Extended Data Fig. 3d,g)*>*.

To evaluate if the simultaneous global enrichment of H3K27me3
and DNA methylation across the TSC epigenome represents the pres-
ence of dually modified chromatin, we performed a serial H3K27me3
ChIP followed by bisulfite sequencing (ChIP-BS-seq, refs. 13,54). In
addition, we performed ChIP-seq for the essential PRC2 component

embryonic ectoderm development (EED) to confirm its continued
genomic occupancy within TSCs, including atintermediately methyl-
ated developmental gene promoters. As for other assays, we included
ESCsasthe embryonicreference. Despite the non-quantitative nature
of these ChIP-seq experiments, which probably led to diminished
signal-to-noise ratiosin TSCs, H3K27me3 ChIP-BS-seqand EED ChIP-
seq datawere highly concordant (Fig. 3a,b). Moreover, the underlying
methylation status of H3K27me3 enriched DNA was almost identical
to our WGBS data, indicating that these two modifications co-exist at
anear equilibrium (Fig. 3 and Extended Data Fig. 4a-c). In contrast,
ESCs maintain the canonical mutually exclusive relationship, particu-
larly at CGls, with high H3K27me3 enrichment corresponding to low
DNA methylation levels (Fig. 3). Collectively, our investigation of the
TSC epigenome finds that intermediate DNA methylation persists
alongside a global redistribution of PRC2-deposited H3K27me3, a
non-canonical relationship thatincludes adistinct form of regulation
at developmental gene promoters.

DNMT3B and Polycomb act as positive and negative regulators
In embryonic and adult cells, local DNA methylation turnover is gen-
erally mediated by de novo DNMT and ten eleven translocation (TET)
enzymes, which oxidize 5-methylcytosine (5-mC) to hydroxymethyl-
cytosine (5-hmC) and other products®. In contrast, PRC2 occupies
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Fig. 3| TSC chromatin is dually modified by H3K27me3 and DNA methylation
at equilibrium. a, Metaplots and corresponding per-locus heat maps of EED
(ChIP-seq), H3K27me3 (ChIP-BS-seq) and DNA methylation (ChIP-BS-seq)

for hyper CGls. ESCs display the expected inverse correlation between DNA
methylation and H3K27me3, which is consistent with local enrichment of EED
over these CGls. TSCs also show local enrichment of EED over CGls, but the
canonical relationship between H3K27me3 and DNA methylation is lost and these
modifications co-occupy the same loci. TSC ChIP signal is somewhat diminished
in comparison with ESCs, probably due to increased global enrichment for this
enzyme and its associated modification throughout the TSC genome. b, Genome
browser track of the WntI locus in ESCs and TSCs for EED and H3K27me3 (as

measured by ChIP-BS-seq) enrichment alongside DNA methylation as measured
by WGBS and ChIP-BS-seq. Average read-level methylation is expanded for
ChIP-BS-seq data below the summary track (only the first 20 rows are shown,
reads must have three or more CpGs to be included). Read-level analysis
confirms that the diffuse, high entropy nature of DNA methylationin TSCs
occurs within H3K27me3-modified nucleosomes. ¢, Scatter plot comparing the
average methylation level of hyper CGls as measured by WGBS and ChIP-BS-
seq, coloured by the average H3K27me3 ChIP-BS-seq signal. WGBS includes no
enrichment step and acts effectively as background; its high correlation with
ChIP-BS-seq supports amodel where intermediate DNA methylationin TSCs
co-exists with H3K27me3 nucleosomes at equilibrium.

unmethylated CGlIs within developmental gene promoters and coop-
erates with PRC1 (ref. 56). To better understand how these complexes
might supportintermediate methylation patternsin TSCs, we geneti-
cally ablated Dnmt3b, Tet3, Eed, Rnf2 and Kdm2b (Fig. 4a and Extended
Data Figs. 4d and 5a). We selected these targets for the following rea-
sons: DNMT3B has the highest de novo activity in native EXE**; TET3 s
the most highly expressed family member in TSCs, and prior descrip-
tions of TET1 knockout (KO) TSCs did not report notable global DNA
methylation changes®; EED is an essential core component of PRC2
and required for CGl hypermethylation during ExE differentiation;*
RNF2isacoresubunit of PRC1andinvolved in PRC2 recruitmentas well
as target regulation*="***°; KDM2B is part of the PRC1.1subcomplex
and has been shown to block CGl methylation in embryonic cells®.
We began exploring the effects of these knockouts on the
steady-state maintenance of extra-embryonic methylation by gen-
erating WGBS data for each line. Dnmt3b ablation leads to a sharp
genome-wide decrease in CpG methylation, a surprising shift given
the ongoing presence of DNMT1 (Fig. 4b-d and Extended Data Fig. 5b).
Loss of DNMT3B or even 3A/3B in other proliferating cells has amore

limited impact onglobal levels, including in ESCs**"**, In comparison,
Tet3 disrupted TSCs exhibited minimal changes that do not supporta
globalrole for enzymatic conversion of 5-methylcytosine in maintain-
ingintermediate methylation (Fig. 4b,c and Extended Data Fig. 5b,c).
We confirmed these results with quantitative MS for nucleotide modi-
fications. Overall, 5-hmClevels are lowerin TSCs compared with ESCs,
even when accounting for their lower 5-mC levels (Extended Data
Fig.5d). Nonetheless, 5-hmClevels drop substantially in 7et3KO TSCs
without dramatically changing 5-mC levels (Extended Data Fig. 5d).
Together, these data highlight TSCs’ unusual and ongoing reliance
on de novo methylation to counteract a persistent, TET-independent
drive towards global hypomethylation.

The apparent maintenance of globally intermediate CpG methyla-
tionwould therefore require other complexesto act as negative regula-
tors. Toour surprise, core PRC component (EED or RNF2) KOs exhibited
strong genome-wide DNA methylation gains. In particular, our PRC2
KO showed the most dramatic increase in DNA methylation, including
thousands of CGIs that were previously unmethylated in wild-type (WT)
TSCs (Fig. 4b-d and Extended Data Figs. 5 and 6). We also confirmed
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thatgenome-wide hypermethylation within PRC2 KO cells corresponds
togloballoss of H3K27me3, but not to loss of H2AK119ubl, via western
blot and MINUTE-ChIP (Fig. 4e,g and Extended Data Figs. 5f~h and
6a-c). Incomparison, Rnf2 KO (our core PRC1KO) cells show a milder
decreasein H3K27me3 as well as an expected reduction of H2AK119ub1
(Fig.4e,gand Extended DataFigs. 5f~hand 6a,c), similar to prior studies
ontheinterplay between these two modifications**.

Finally, Kdm2b KO cells showed the same global trend as for other
PRC KOs, but affected fewer CGls (n = 3,276 of 3,967 CGls that show
increasing methylation across our PRC KOs are unaffected by Kdm2b
disruption). H3K4me3 structurally antagonizes DNA methylation®*
and remains enriched within unmethylated CGlsin WT TSCs (Extended
Data Fig. 3g). In Eed KO TSCs, de novo hyper CGls lose WT H3K4me3
levels in rough proportion to DNA methylation gains (Extended Data
Fig.5g).In contrast, Kdm2bKO cells preserve H3K4me3 at these regions,
explaining the diminished effect on DNA methylation (Fig. 4f,g and
Extended Data Figs. 5g and 6b-e). KDM2B has been reported to have
H3K4me3 in addition to H3K36 demethylase activity®®°, As such, its
enzymatic function may be required to epigenetically reprogram these
locitowards a hypermethylated state.

Notably, the effects of PRC disruption on CGl and global meth-
ylation levels differ from current in vivo observations, where zygotic
mutants fail to accumulate DNA methylation at developmental gene
promoters within the EXE*>*’. Deeper investigation into this discrep-
ancy indicates that PRC2-based maintenance of H3K27me3 within
the early embryo may provide a necessary template to ensure initial
de novo methylation, as the CGls of zygotic Fed- or Rnf2-null embryos
remainunmethylated, but the surrounding areas (CGI ‘shores’, ref. 68)
become methylated (Extended Data Fig. 7a,b). In vivo, this epige-
netic signature of PRC disruption is present within both the E6.5
extra-embryonic ExE as well as the embryonic epiblast, strongly indi-
cating a requirement for PRC2 to consolidate divergent epigenetic
landscapes during these early differentiation events (Extended Data
Fig. 7a,b). As zygotic KO embryos are not viable beyond the earliest
stages of embryonic and placental development®®, further work
with lineage-specific perturbations will be necessary to establish the
post-differentiation roles of PRCs in vivo.

The TSC epigenome is highly elastic

Collectively, DNMT3B and Polycomb appear to be central epigenetic
players that maintain globally intermediate DNA methylation levels
for extended time in culture. To characterize the stability of this land-
scape, as well as the kinetics between methylation gain and loss, we
treated TSCs withaDNMT1-specific inhibitor (GSK3484862, DNMT1i)
(ref. 70) for 1 week, followed by a 2 week recovery period (Fig. 5a and
Extended Data Fig. 7c). We evaluated multiple TSC lines and passage
numbers, all of which displayed rapid and substantial genome-wide
loss of DNA methylation, with equally rapid recovery after compound
withdrawal (Fig. 5aand Extended Data Fig. 7c-g). TSC viability was not

compromised by globalloss of DNA methylation, whichis otherwise a
unique feature of naive or ICM-stage ESCs”"". Furthermore, the abil-
ity to restore intermediate methylation levels after erasure strongly
indicates the presence of additional regulatory encoding.

To test the equivalent dynamics of H3K27me3, we utilized the
EZH2-specificinhibitor Tazemetostat (EPZ6438, EZH2i, ref.73). These
experiments confirmour genetic disruptions and independently show
that PRC2 inhibition drives DNA methylation upwards. As with our
DNMTlitreatments, the effects of PRC2 inhibition are reversible: hyper
CGImethylation steadily increased froma median of 53% to 85% within
5 weeks of treatment and decreased at a similar rate upon withdrawal
(Fig.5b and Extended Data Fig. 8a). The comparatively slower recovery
after EZH2i withdrawal suggested ongoing de novo methyltransferase
activity even within these abnormally high methylation regimes. To
address this hypothesis, we pulse-treated EZH2i cells with DNMT1i for
1week and found that cells quickly restabilized intermediate DNA meth-
ylation levels upon inhibitor withdrawal (Fig. 5b and Extended Data
Fig.8a). We also confirmed that EZH2i-treated TSCs restore H3K27me3
enrichment, again highlighting the robust feedback between these two
regulators despite their antagonistic relationship (Fig. 5c and Extended
DataFig. 8b). Combined, our different inhibitor treatments highlight
anextraordinary degree of plasticity within the extra-embryonic epi-
genome, including the ability for these modifications to rise and fall
without compromising their potential to return to steady-state levels.

Although the genome-wide effects on the TSC methylome are
similar between our EZH2i treatments and EED KO, EPZ6438 is acom-
petitive inhibitor for the universal methyl donor S-adenosylmethionine
(SAM) and may have subtly different effects on the epigenetic status
of TSCloci. We performed EED immunoprecipitation (IP) followed by
western blotting as well as EED ChIP-seq on EZH2i-treated TSCs to
examine PRC2 complex stability and genomic occupancy. Compared
with untreated TSCs, PRC2 protein expression is subtly lower, reflect-
ing some degree of destabilization and degradation (Extended Data
Fig. 8c). Similarly, EED binding to CGls does diminish with inhibitor
treatment, but mainly for CGls with lower initial enrichment: ~57% (3,423
0f5,998) of untreated peaks are not called after 5 weeks of EZH2i treat-
ment (Extended Data Fig. 8d,e). When we compare EZH2i-insensitive
and EZH2i-sensitive EED peaks, we find that both gain DNA methylation
in EZH2i-treated and Eed KO cells, but that EZH2i-insensitive peaks
are generally more resistant (Extended Data Fig. 8e,f). The compara-
ble resilience of these CGls to de novo methylation is similar in both
inhibitor-treated and KO TSCs, indicating that they are intrinsically
protected from DNA hypermethylation even without PRC2 present
(Extended DataFig. 8f).

Finally, weinvestigated the biochemical nature of thisinteraction
by performing co-IP experiments for the PRC2 subunit EED, which has
been extensively characterized in various stages of mouse pluripo-
tency’*”. By both western blot and MS analysis, we find a clear enrich-
ment for DNMT3B within our EED IPs (Fig. 5d,e and Supplementary

Fig. 4 |Intermediate methylation in TSCs depends on opposing DNMT3B
and Polycomb activity. a, Epigenetic repression in embryonic cells. DNMT3A/B
deposits DNA methylation whereas TET enzymes promote its removal. PRC1and
2 shield developmental gene promoters and recruit each other through their
respective modifications. b, Feature-level DNA methylation (1kb HMDs/PMD
tiles, CGls and hyper CGls, n = 904,532, 853,972,14,790 and 1,030, respectively,
single biological replicate per condition). Lines denote the median, edges

the IQR and whiskers either 1.5 IQR or minima/maxima (if no point exceeds
1.5%IQR); minima/maxima are indicated by the violin plot range. ¢, Genome
browser tracks of the Thx2locus. Dnmt3b KO loses methylation, while PRC KOs
gainmethylation up to 100%. Regions marked by strong H3K4me3 signal are
kept constitutively free while regions with low H3K4me3 remain unmethylated
inKdm2bKO. d, CpG-wise comparison of WT and KO TSCs (single biological
replicate per condition). Barplots indicate the fraction of CpGs that change by
>|0.2| compared with WT. e, Density plots comparing DNA methylation (delta)

and H3K27me3 (log, fold change) at 1 kb tile resolution between KO and WT

TSCs (n =3 merged biological replicates for MINUTE-ChIP data, single biological
replicate for WGBS, also applies to fand g). Fed KO loses H3K27me3 accompanied
by strong DNA methylation gains. f, Scatter plot comparing PRC hyper CGls
(n=3,849) in Eed KO and Kdm2b KO with respect to WT. Points are coloured by
H3K4me3 level in Kdm2b KO (log,-transformed). PRC2 hyper CGls with high
H3K4me3 levels in Kdm2b KO remain unmethylated but gain methylationin Eed
KO. g, Metaplots showing the average histone modification enrichment and DNA
methylation for WT and KO TSCs at PRC hyper CGls (respective heat maps are
shownin Extended Data Fig. 6¢). MINUTE-ChIP enrichment can be quantitatively
compared within the same batch (Dnmt3b KO and PRC KOs have separate WT
controls, see Methods). Dnmt3b KO exhibits mild H3K27me3 and H2AK119ub1
gain, while both H3K27me3 and H2AK119ubl are reduced in Rnf2 KO. Eed KO loses
allH3K27me3 signal. Enrichment scales are distinct for H3K4me3 (green, left
axis) and H3K27me3 or H2AK119ubl (black, right axis).
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Table15). Notably, we do not enrich for PRC1subunits, which supports
our genetic finding that the DNMT-PRC2 axis dominates the antagonis-
tic epigeneticrelationship that regulates intermediate methylationin
TSCs. Although IP-westernfor EEDin WT ESCs also recovered DNMT3B,
IP-MS againstan IgG control did not confirm this enrichment with our
statistical cut-off (Extended Data Fig. 8g and Supplementary Table

16). More generally, we find that the PRC2 interactome does appear
to differ between TSCs and ESCs. IPs from both cell types recover the
majority of direct subcomplex components (suchas EZH2,JARID2 and
MTEF2), butthe ESCinteractome alsoincludes proteins with functions
in pre-mRNAbinding and processing that have been previously shown
tosupportearly lineage priming (Extended Data Fig. 8h,i, refs. 76-79).
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Fig.5|The TSCepigenome can be reversibly driven to extreme DNA
methylationlevels. a, DNMT1i treatment and recovery as measured by RRBS
(untreated control measured by WGBS, single biological replicates). Genome-
wide methylation drops drastically during the first 3 days and recovers most of
the original methylation within one week of withdrawal (n =117,477 and 62,118
1-kb tiles in HMDs and PMDs, respectively). Hyper CGls (n = 970) show similar
trends, although re-methylation efficiency is slightly lower. Lines denote the
median, edges denote the IQR and whiskers denote either 1.5x IQR or minima/
maxima (if no point exceeded 1.5x IQR; outliers were omitted). b, EZH2 inhibitor
(EZH2i) treatment and recovery time series as measured by RRBS (untreated
control measured by WGBS, single biological replicates). Left: genome-wide
and CGl methylation rise to extremely high levels after 4 weeks (n =116,056
and 62,434 1-kb tiles in HMDs and PMDs, respectively, and n = 960 hyper CGls).
The effectis progressively reversed following a4 week washout period. Right:
independent experiment that demonstrates accelerated recovery of steady-

4 8
log, fold change (TSC versus TSCF©)

state methylation levels by pulse DNMT1i treatment. Lines denote the median,
edges denote the IQR and whiskers denote either 1.5x IQR or minima/maxima
(if no point exceeded 1.5% IQR; outliers were omitted). ¢, Top: western blot for
H3K27me3 in untreated TSCs, TSCs treated with EZH2i for 5 weeks and weekly
recovery timepoints. Bottom: MINUTE-ChIP correlation between untreated
and post-recovery TSCs, measured in1kb tiles (log, fold change over input)
demonstrate the reversibility of the TSC epigenome. d, Co-IP of EED and core
components of PRC1/2, DNMT3B and Tubulin (negative control) in WT TSCs.
EED directly interacts with other components of PRC2 as well as DNMT3B, but
not with components of PRC1. e, Enrichment and statistical significance of
EED interactions within TSCs as measured by MS following IP (WT TSCs were
compared with Fed KO to eliminate noise, two-sided Student’s ¢-test, Pvalues
adjusted for multiple testing correction using FDR). EZH2 is plotted twice
because of the recovery of two distinguishable isoforms, Q61188;D3Z774 and
Q6AXH7, respectively.

In contrast, the TSC interactome is substantially more enriched for
proteins with broader nuclear functions, including nuclear matrix
proteins, components of the nuclear pore, and nucleolar RNA process-
ing factors (Extended Data Fig. 8h,i and Supplementary Tables 15 and
16). Although the functional meaning of these interactions remains to
be determined, our biochemical findings are consistent with a more
global interaction between PRC2 and DNMT3B that operates across
the TSC epigenome as awhole.

Polycomb and DNA methylation support TSC viability

We next sought to connect the non-canonical form of global genome
repression found in TSCs to biological function by examining gross
morphological, proliferative and transcriptional responses of our inhib-
itor treatments. Notably, cells treated with either inhibitor exhibited

minimal morphological effects and continued to proliferate, but
senesced and flattened when exposed to both simultaneously (Fig. 6a).
By RNA sequencing (RNA-seq), loss of either repressive mechanism
resultsindistinct and reversible transcriptional responses, but neither
affected the regulation of genes proximal to hyper CGls (Fig. 6b—d and
Extended DataFig.9).Instead, loss of DNMT1leads to upregulation of
germline-associated genes, particularly those with methylated promot-
ersin TSCs (Fig. 6b and Extended Data Fig. 9a). Notably, TSCs (and the
placentain general) share aspects of their gene regulatory network
with the male germline®°-%?, Although we saw no transcriptional effect
on shared gametogenesis-placental genes overall (Extended Data
Fig.10a), de-repression of genes with similar functions by DNMT1i
may reflect a role for DNA methylation as a buffering mechanism
during placental development.
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Fig. 6 | Transcriptional response to epigeneticinhibitors. a, Brightfield
images of control and inhibitor treated TSCs. Top right: cell counts over 7 days
of treatment (n = 3 biological replicates from independent experiments per
condition, error bar reflects standard deviation). TSCs tolerate either DNMT1i
or EZH2i, but dual inhibition has severe effects on morphology and proliferation
(scalebar, 50 pm). b, Overlap of up- and downregulated genes between
DNMT1i, EZH2i and combined treatment with select GO term enrichments for
eachgeneset (piRNA, PIWI-interacting RNA). Notably, combined treatment
significantly downregulates a large set of genes associated with cell cycle
progression. A full list of top GO terms is presented in Extended Data Fig. 9a.

¢, Heat map visualizing gene expression (log,-transformed TPM) associated
with regulation of mitotic cell division in DMSO-, DNMTTLi-, EZH2i- and double
inhibitor-treated cells. Treatment with both inhibitors leads to significantly
reduced expression of these genes (only differentially expressed genes are
shown). The effect is milder in single inhibitor treatments. d, Heat map and box

§ i Tﬂﬁ Tﬁ\wﬁj Tjﬁ& Té\”ﬁ\i

O Unmethylated CpG
& H3K27me3

plots of differentially expressed genes during DNMTTi (left) and long-term EZH2i
(right) treatment including recovery timepoints (number of genes indicated
inthe figure, differentially expressed genes are identical to those in Fig. 5b). In
both cases, the transcriptional response is largely reversible following inhibitor
washout. Lines denote the median, edges denote the IQR and whiskers denote
either 1.5x IQR or minima/maxima (if no point exceeded 1.5x IQR; outliers were
omitted). e, Simplified model of DNA methylation and PRC2 dynamics in somatic
cells compared with the dynamic epigenome found in TSCs. Somatic cells
generally regulate genetic lociin a bistable fashion, preserving an overall highly
methylated genome and unmethylated CGls that are protected from DNMT3'’s
by PRC2.In TSCs, the genome shifts to an overall intermediate, seemingly
metastable methylation state, which co-occurs with PRC2-deposited H3K27me3.
Although this state can be driven to high or low methylation levels by modulating
these two inputs, this form of genome regulation is robust enough to return to
the steady-state levels even after long spans of inhibition.
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In contrast to the effects of DNMT1 inhibition, EZH2i affects
genes associated with morphogenesis. The transcriptional responses
of our EZH2i treatment are also observed in Fed KO TSCs, but nei-
ther is strikingly enriched for Polycomb targets compared with the
genomic background and may be indirect (Extended Data Fig. 9b-d).
Similarly, epigenetic disruption does not appear to spur substantial
spontaneous differentiation, despite morphological changes that
could otherwise be consistent with differentiation into trophoblast
giant cells (TGCs). Curated lists of marker genes associated with mul-
tiple placental cell types and functions, including trophoblasts of
the labyrinth and junctional zones as well as TGCs, showed minimal
differentiation-associated changes®*°, We did find a subtle downregu-
lation of progenitor-associated genes and low-level TGC marker gene
expression, but this could be consistent with the accompanying stress
of proliferation arrest and not a direct effect (Extended Data Fig. 10).
More obviously, combined DNMT1iand EZH2i treatment has a drastic
impact on core cellular functions, primarily concerted downregulation
of genes associated with cell cycle maintenance, chromosome segrega-
tion and cell cycle progression (Fig. 6b,c and Extended Data Fig. 9a).
Thisbroad, considerable signal more clearly corresponds to the rapid
morphological and proliferative changes induced by dual inhibition
of PRC2 and DNA methylation, again supporting the convergence of
these two pathways to support major genome-scale functionsin TSCs.

Discussion

We utilized TSCs as a model to investigate the placental epigenome,
which is characterized by persistent intermediate methylation and
differential regulation of canonical Polycomb targets. We find that this
landscape is maintained through a dynamic, antagonistic relationship
between two distinct epigenetic repressive pathways—DNA methyla-
tionand the PRCs—that typically regulate mutually exclusive genomic
territories within the embryonic lineage. Within the TSC epigenome,
these pathways appear to converge towards a stable equilibrium
between positive and negative regulators (Fig. 6e). So far,dynamic DNA
methylation turnover has been primarily described through opposing
catalyticactivity of DNMT and TET enzymes, but this largely operates
locally, primarily resolves to favour either hypo- or hypermethylation,
and conforms with core concepts of bistable genome regulation®°%%,
Although TSC methylation does not appear to rely on TET-based oxi-
dation, there is emerging evidence that TETs have non-catalytic roles
and interact with PRC2 in embryonic lineages™>*. Our results in
extra-embryonic cells suggest a direct interaction of DNMT3B with
PRC2butless likely with PRC1. In line with this, we find that PRC1 subunit
KOs display a more modest degree of hypermethylation, which may
be explained by the incomplete depletion of H3K27me3. As such, the
molecular and epigenetic relationships between PRC2, PRC1 and the
TET enzymes within the context of the TSC epigenome warrants further
investigation.

Compared with somatic rules of epigenetic regulation, the PRC2-
DNMT relationship detailed here seems to direct loci towards a funda-
mentally disordered methylation state, operates across the majority of
the genome, and maintains these features without distorting nuclear
topology as measured by Hi-C. Notably, either regulatory input (DNA
or H3K27 methylation) can be destabilized for long durations without
compromising the genome’s ability to return to a dually-modified
molecular state. Our inhibitor experiments confirm robust restabili-
zation upon inhibitor withdrawal and demonstrate this epigenome’s
highly elastic nature. Mechanistically, our results also point towards
H3K27me3 as a potentially crucial signalling hub. It is also worth con-
sidering what distinguishes the long-term stability of intermediate
methylation found within TSCs from common cell culture artefacts
that emerge when immortalizing primary or cancer cells, including
substantial loss of PMD methylation and extreme hypermethylation of
CGlIs**, Notably, similar extreme methylation changes only appear
tohappenin TSCs wheneither DNMT or PRC inputs are blocked. Taken

together, our data demonstrate that the TSC epigenome operates
accordingtoaunique arrangement of ubiquitously utilized chromatin
regulators. The structural basis of this continuous antagonism remains
tobe determined, as do the molecular boundaries after which feedback
between H3K27 and DNA methylation break down. Similar experiments
on other major pathways, such as those that interact through H3K36
methylation, may eventually allow for acomplete molecular descrip-
tion of this landscape’*.

More generally, similar dramatic genome-wide shifts of meth-
ylation away from heterochromatic regions and towards CGls are
recognized as unifying features of diverse cancer types’ %" Despite
extensive research over several decades, the underlying mechanisms
for how CGI-containing promoters are first targeted for methylation
and then maintained inanintermediate state are still unclear and chal-
lenging to model'®% Similarly, the regulation and purpose of global
hypomethylationin canceris also unresolved'**'**, The highly entropic
methylation pattern that characterizes native cancers has similar fea-
turesto what we have observedin TSCs, including exceptional stability
that can propagate for decades or through extremely selective events
suchas chemotherapy with minimal change'*>'%°, As aresult, it is tempt-
ing to consider the possibility that some of the fundamental regulatory
principles described here are shared with primary tumours. Ifindeed
the case, it would shine new light on a major cancer hallmark and high-
light relevant parallels between normal development and disease.

Finally, this extra-embryonic landscape still requires both devel-
opmental and evolutionary explanation. As described above, pertur-
bation of either repressive pathway, alone or in combination, does not
appear to cause notable fluctuation in the expression of embryonic
geneswith methylated promoters, and continued viability wheneither
DNA or H3K27 methylation are depleted is rarely observed outside of
naive mouse ESCs" %72, Although extraordinarily valuable for bio-
chemical and genetic characterization, TSCs are more limited for
connecting placental genome regulation to physiological function.
Future work that seeks to address these key points—what this form of
genomeregulation contributes to support foetal development and how
it was evolutionarily innovated—will ultimately require more detailed
investigationsin vivo.
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Methods

Allresearch described here complies with the relevant ethical regula-
tions at the respective institutions. Work at the Max Planck Institute
was approved by the Landesamt fiir Gesundheit und Soziales.

Derivation of TSCs

TSCs were derived from CD-1 strain blastocysts. TSCs were derived
as previously described?®® with few modifications. Briefly, blastocysts
were washed in five serial drops of TSC medium (RPMI + GlutaMAX
(Thermo Fisher Scientific, #61870044), 20% foetal bovine serum
(PAN, #P30-2602), 1 mM sodium pyruvate (Thermo Fisher Scientific,
#11360070), 100 uM 2-mercaptoethanol (Thermo Fisher Scientific,
#21985023) and 1% penicillin-streptomycin (Thermo Fisher Scientific,
#15140122); 25 ng mI FGF4 (R&D systems, #235-F4-025) and 1 pg ml™*
heparin (Sigma, #H3149) were added to the medium fresh before each
use) and seeded onto single wells of a 24-well culture dish with irradi-
ated CD-1primary mouse embryonic fibroblasts (MEFs). Medium was
changed after the blastocysts attached onto the wells (-3 days). The
outgrowths were disaggregated with trypsin-EDTA 0.05% (Thermo
Fisher Scientific, #25300054) and seeded onto the same wells with
MEF-conditioned TSC medium (70% MEF-conditioned medium, 30%
TSC medium, +FGF4 (37.5 ng ml™), heparin (1.5 pg ml™)) and 1x ROCK
inhibitor Y-27632 (Tocris, #1254) (ROCKi). After 4-6 days, TSC colo-
nies that appear are allowed to grow to a confluency of 70-80%. TSC
colonies are disaggregated and expanded onto a six-well dish with
TSC medium.

This manuscript contains data generated from four TSC WT lines.
TSC1, TSC3 and TSC4 were derived for this study. TSC1 and TSC3 are
male, and TSC4 is female. TSC2 is a female line and kind gift of the
Zernicka-Goetzlab, Cambridge, UK. The TSC3 line was found to contain
ahomozygous 2,294 bp deletion reaching fromintron5to the centre of
exon 6 in the Dnmt3b gene, which does not appear to affect its methyl-
transferase function or global DNA methylation levels. Extended Data
Fig.1confirmsthe similarity between all four TSCline methylation states.

The Dnmt3b KO was established inthe WT line TSC2. The Rnf2KO,
Kdm2b KO and Tet3 KO were generated in the WT line TSC1. The Fed
KO was generated in the WT line TSC3, all of which had highly similar
global methylation levels (Extended Data Fig. 1). For determining the
sex of the derived lines, MEF-depleted TSCs were expanded on plastic
dishes with MEF-conditioned medium (+FGF4 37.5 ng mI™ and heparin
1.5 pg ml™) and genotyped by asimplex PCR for the Rbm31 locus (Sup-
plementary Table 21).

TSC culture and genetic manipulation

TSCs were cultured in standard conditions as described before?®.
Briefly, cells were cultured on MEFs in TSC medium (see above). Split-
ting was carried out every 5-7 days by rinsing the cells once with Dul-
becco’s phosphate-buffered saline (DPBS; Thermo Fisher Scientific,
#14190144) before detaching the cells using trypsin-EDTA (0.05%).
TSCs were passaged in clumps.

Before sample collection, TSCs were passaged at least one passage
without MEFs to dilute out feeder cells. During this time, cells were
cultured in MEF-conditioned medium (see above). Cell pellets were
washed twice with DPBS before snap freezing at -80 °C. The DNA was
extracted using the PureLink Genomic DNA Mini Kit (Thermo Fisher
Scientific, #K182002) according to the manufacturer’s instructions.
Genetic perturbations were performed using the sgRNA/Cas9 system.
For KO experiments TSCs were transfected with two PX458 plasmids
(Addgene, #48138) each containing one single guide RNA that together
delete the locus of interest (Dnmt3B, Eed, Rnf2, Kdm2b and Tet3) by
non-homologous end joining. TSCs were transfected using FUGENE HD
Transfection Reagent (Promega, #E2311) or P3 Primary Cell4D-Nucleofe
ctor X Kit (Lonza, V4XP-3024). FUuGENE: 300,000 cells were plated
the day before transfection (feeder free) in MEF-conditioned medium
(+FGF437.5 ng ml™and heparin1.5 pg ml™). Onthe day of transfection,

8 pg of plasmid DNA was diluted in 125 pl Opti-MEM (Thermo Fisher
Scientific, #31985062). Twenty-five microlitres of FUGENE reagent
(roomtemperature) was diluted with100 pl Opti-MEM. Diluted FuGENE
was added to diluted DNA, incubated at room temperature for 15 min
and added to the cells dropwise. Medium was changed on the next day.
Nucleofection:1M cells were washed once with PBS and resuspended
ina transfection volume of 100 pl (consisting of 82 pl P3 Primary Cell
Nucleofector Solution and 18 pl Supplement 1) containing 5 pg of DNA
(PX458, see above). Cells were transferred toa Nucleocuvette and trans-
fected in a4D-Nucleofector System using the pulse code DA113. Cells
were seeded back in MEF-conditioned medium (+FGF4 37.5 ng ml™,
heparin1.5 pg ml™and 1x ROCKi).

GFP-positive cellswere sorted 48-72 h post transfection using the
BD FACSAriaFusioninstrument and plated on feeder cells instandard
TSC medium containing ROCKi. KOs were verified by genotyping (Sup-
plementary Table 21) and western blot.

Single-cell-sorted clones

TSC WT cells (TSC1 and TSC2) were sorted as single cells onto
MEF-coated 96-well plates containing TSC medium +FGF4 (37.5 ng ml™),
Heparin (1.5 pg mI™) and 1x ROCKi using the BD FACSAria Fusion
instrument.

ESC WT cells were sorted as single cells onto gelatin and
MEF-coated 96-well plates containing ESC medium (Knockout DMEM
(Thermo Fisher Scientific, #10829018, 15% foetal bovine serum (PAN,
#P30-2602), 1x GlutaMAX supplement (Thermo Fisher Scientific,
#35050-038),1x non-essential amino acids (Thermo Fisher Scientific,
#11140-035), 100 uM 2-mercaptoethanol (Thermo Fisher Scientific,
#21985023), 1x penicillin-streptomycin (Thermo Fisher Scientific,
#15140122) and lab-purified recombinat leukaemia inhibitory fac-
tor (LIF) using the BD FACSAria Fusion instrument. Cells were then
expanded and MEF-depleted for methylation analysis by RRBS.

DNMT1i treatment

TSCswere cultured on MEFs in TSC medium containing DNMT1i (GSK-
3484862; dissolved in DMSO to 1 mM) at afinal concentration of 1 pM
or equal volume of DMSO (Sigma, D2650) only, for up to 7 days, with
medium changed daily. Before sample collection, TSCs were passaged
at least once without MEFs in MEF-conditioned medium (+DNMT1i/
DMSO) todilute out feeder cells. For collection after 2 days of DNMTIi,
cellswere MEF depleted just before starting the treatment to avoid MEF
contamination at the time of collection. Subsequently, the inhibitor
was removed by splitting the cells, and the cells were cultivated for up
to 4 weeks with standard conditions for recovery.

EZH2i treatment

TSCs were cultured on MEFs in TSC medium containing EZH2 inhibi-
tor (Tazemetostat/EPZ6438, Biovision, #2383-5, dissolved in DMSO
to10 mM) at a final concentration of 10 pM or equal volume of DMSO
only, forupto5 weeks. Before sample collection, TSCs were passaged at
least once without MEFs in MEF-conditioned medium (+EZH2i/DMSO)
todilute out feeder cells. Subsequently, the inhibitor was removed by
splitting the cells, and the cells were cultivated for up to 4 weeks with
standard conditions for recovery.

Combined DNMT1iand EZH2i treatment

TSCswere cultured on MEFsin TSC medium containing EZH2 inhibitor
and DNMT1at afinal concentration of 10 pM and 1 pM, respectively, or
equal volume of DMSO only, for up to 7 days. Before sample collection,
TSCs were passaged at least once without MEFs in MEF-conditioned
medium (+EZH2i/DMSO) to dilute out feeder cells.

Westernblot
For histone and histone modification western blots, cells were resus-
pendedin Triton Extraction Buffer (TEB: DPBS containing 0.5% Triton
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X-100 (v/v) and 1x Protease inhibitor) and lysed for 10 min on ice with
gentle stirring. The lysates were spun for 10 min at 6,500g and 4 °C
to pellet the nuclei. Nuclei were washed once with TEB to remove cell
debris and again spun for 10 minat 6,500g and 4 °C. Nuclei were then
resuspendedin 0.2 NHCland incubated overnightat 4 °C. The next day,
samples were spun for 10 min at 6,500g and 4 °C to pellet the debris.
The supernatant was transferred toanew tube and neutralized with2 M
NaOH at1/10 of the supernatant volume. Reducing agent (Invitrogen,
#NP0004),40 mM Tris/Cl (pH 7.5) and Novex Tricine SDS Sample Buffer
(2x) (Thermo Fisher Scientific, #L.C1676) were added to the lysates,
and the mixture was denatured at 85 °C for 2 min. Lysates were run on
Novex 10 bis 20%, Tricin gels (Thermo Fisher Scientific, #EC6625B0OX).

Blots were transferred using the iBlot 2 Dry Blotting system with
iBlot 2 transfer stacks (Thermo Fisher Scientific, #1B24001) and imaged
by HRP chemiluminescence using SuperSignal West Dura Extended
Duration Substrate (Thermo Fisher Scientific, #34075) and ChemiDoc
XRS + System (Bio-Rad, #1708265). Western blots were performed
with anti-H3K27me3 (Cell Signaling, #9733S, 0.102 pg ul™, used at
1:20,000), anti-H2AK119Ub1 (Cell Signaling, #8240S, 0.538 ug pl ™, used
at1:20,000) and anti-Histone H4 (Cell Signaling, #2935S, 0.075 pg pl ™,
used at1:500).

Co-IP-western blot/MS

EED (anti-EED, Abcam, #ab4469) and control IgG (anti-rabbit IgG, Cell
Signaling, #2729) IPs were carried out using whole-cell lysates prepared
from WT ES and TS cells, as well as WT TS cells treated with the EZH2
inhibitor for -5 weeks (Tazemetostat/EPZ6438, Biovision, #2383-5,
dissolved in DMSO to 10 mM) at a final concentration of 10 pM.

Briefly, ~-5-10 million cells were resuspended with 600 pl of 0.5x
Nuclear Lysis Buffer, (NLB, composed of 218.5 mM NaCl, 1.35 mM KCl,
4 mMNa,HPO,,1 mMKH,PO,, 0.5% Triton X-100 and 0.05% Tween-20,
pH 7.4) + 1x cOmplete Protease Inhibitor Cocktail. We selected these
conditions from the published literature as sufficient for stringent
characterization of PRC2 subcomplex characterizationin mammalian
cells. Resuspended samples were sonicated with Bioruptor Sonicator
(30 s on/off, five cycles) and centrifuged for 10 min at~20,000g at 4 °C
to remove cellular debris. Antibodies were then added to clarified
lysates, and immune complexes are allowed to form overnight (-16 h)
inthe cold roomwith end-to-end rotation.

For westernblot: Theimmune complexes were then collected with
20 plof Protein G Dynabeads (Thermo Fisher Scientific, #10003D), for
1hinthecold room.Beadswere washed thrice with 0.5x NLB, and immu-
noprecipitated material was then released with 1x SDS sample buffer at
90 °C for 5 min. Eluates were run on 4-12% acrylamide gels and trans-
ferred to PVDF membranes forimmunoblotting and ECL detection. The
following antibodies were used: anti-EED (Abcam, #ab4469,1pg pl ™,
used at 1:1,000), anti-DNMT3B (Cell Signaling, #48488S, 0.1 ug pl ™,
used at 1:1,000), anti-RNF2 (Cell Signaling, #5694, 0.22 pug nl™, used
at 1:1,000), anti-SUZ12 (Cell Signaling, #3737T, 0.08 pg pl™, used at
1:1,000), anti-EZH2 (Cell Signaling, #5246, 0.4 pg ul™, used at 1:1,000),
anti-RYBP (Millipore, #AB3637,1 pg pl™, used at1:1,000), anti-TUBULIN
(Santa Cruz, #sc-32293,0.2 pg pl™, used at1:2,000) and anti-H3K27me3
(Cell Signaling, #9733S, 0.102 pg pl™, used at 1:1,000).

For MS: Immune complexes were prepared for downstream MS
analysis using the Pierce MS-Compatible Magnetic IP Kit (Thermo
Fisher Scientific, #90409) following the manufacturer’s instructions
until the second wash with buffer B. Then, buffer B was exchanged
with100 pl of 100 mM HN,HCO,. This was followed by a tryptic digest
including reduction and alkylation of the cysteines. Therefore, the
reduction was performed by adding tris(2-carboxyethyl)phosphine
with a final concentration of 5.5 mM at 37 °C on a rocking platform
(500 r.p.m.) for 30 min. For alkylation, chloroacetamide was added
withafinal concentration of 24 mMatroom temperature onarocking
platform (500 r.p.m.) for 30 min. Then, proteins were digested with
200 ngtrypsin (Roche) shaking at 600 r.p.m. at 37 °Cfor17 h. Samples

were acidified by adding 2.5 pl1100% formic acid, centrifuged shortly
and placed on the magnetic rack. The supernatants, containing the
digested peptides, were transferred to anew low-protein binding tube.
Peptide desalting was performed on self-packed C18 columnsinatip.
Eluates were lyophilized and reconstituted in 19 pl of 5% acetonitrile
and 2% formic acid in water, briefly vortexed, and sonicated inawater
bath for 30 s before injection to nanoscale liquid chromatography
coupled to tandem mass spectrometry (nano-LC-MS/MS).

LC-MS/MS instrument settings for shotgun proteome
profiling and data analysis

TSC co-IP: LC-MS/MS was carried out by nanoflow reverse-phase lig-
uid chromatography (Dionex Ultimate 3000, Thermo Fisher Scien-
tific) coupled online to a Q-Exactive HF Orbitrap mass spectrometer
(Thermo Fisher Scientific), as reported previously'”. Briefly, the LC sep-
arationwas performed using a PicoFritanalytical column (75 pminner
diameter (ID) x 50 cm long, 15 um Tip ID; New Objectives) in-house
packed with 3 pum C18 resin (Reprosil-AQ Pur, Dr. Maisch). Peptides
were eluted using a gradient from 3.8% to 38% solvent B in solvent
A over 120 min at 266 nl min™ flow rate. Solvent A was 0.1% formic
acid, and solvent B was 79.9% acetonitrile, 20% H,O and 0.1% formic
acid. Nanoelectrospray was generated by applying 3.5 kV. A cycle of
one full Fourier transformation scan mass spectrum (300-1,750 m/z,
resolution of 60,000 at m/z200, automatic gain control (AGC) target
1x10°%) was followed by 12 data-dependent MS/MS scans (resolution
0f 30,000, AGC target 5 x 10°) with a normalized collision energy of
25 eV. To avoid repeated sequencing of the same peptides, adynamic
exclusion window of 30 s was used.

Raw MS data were processed with MaxQuant software (v2.2.0.0)
and searched against the Mus musculus proteome database UniProtKB
with22,001 entries, released in March 2021. Parameters of MaxQuant
database searching were afalse discovery rate (FDR) of 0.01 for proteins
and peptides, aminimum peptide length of seven amino acids, afirst
searchmass tolerance for peptides of 20 ppm and amain search toler-
ance of 4.5 ppm. A maximum of two missed cleavages was allowed for
the tryptic digest. Cysteine carbamidomethylation was set as a fixed
modification, while N-terminal acetylation and methionine oxidation
were set as variable modifications. The MaxQuant processed output
files canbe foundin Supplementary Tables15and 16, showing peptide
and proteinidentification, accession numbers, sequence coverage of
the protein (%) and g values.

ESC co-IP:IP samples were prepared as above, but only 10% of pep-
tides per sample wereloaded onto Evotips Pure (Evosep) tips according
tothe manufacturer’s protocol. Peptide separation was carried out by
nanoflow reverse-phase liquid chromatography (Evosep One, Evosep)
using the Endurance column (15 cm x 150 pmID, with Reprosil-Pur C18
1.9 pm beads #EV1106, Evosep) with the 30 samples per day (30SPD)
method. The LC systemwas online coupled toatimsTOF SCP mass spec-
trometer (Bruker Daltonics) applying the data-independent acquisition
with parallel accumulation serial fragmentation (PASEF) method. MS
data were processed with Dia-NN (v1.8.1) and searched against an in
silico predicted mouse spectralibrary. The ‘matchbetweenrun’ feature
was used. A t-test with Benjamini-Hochberg correction was performed
by Perseus (v2.0.3.1) on normalized protein values to identify signifi-
cantinteractions between KO and controls.

LC-MS/MS sample preparation for histone modifications

ES and TS cells (5 million per sample) were washed twice with DPBS
before snap freezing at -80 °C. Asmallaliquot of extracts was used for
thebicinchoninicacid assay to quantify the protein concentration. Ten
micrograms of each core histone sample was used for derivatization
by propionylation, as this has been shown to increase the chroma-
tographic performance of peptides on reversed-phase columns'®,
In brief, LC-MS-grade water was used to reach 27 pl volume in each
sample. Three microlitres of 1 M triethylammonium bicarbonate buffer
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was added to reach pH 8.5. Propionic anhydride was mixed with LC-
MS-grade waterinaratio of1:100, and 3 pl of the anhydride mixture was
added immediately to the histone samples, vortexed and incubated
for 2 min at room temperature. The reaction was quenched with 3 pl
of 80 mM hydroxylamine, vortexed and incubated for 20 minatroom
temperature. Tryptic digestion was performed with 2 pl of trypsin
(Roche, 100 ng pl™inwater; enzyme:protein ratio 1:50) per sampleona
rocking platformat 37 °Cfor 4 h. Asecond round of propionylation with
fresh buffers was performed, as above. Core histones were acidified
byadding1.5 pl of 100% formic acid. Peptide desalting was performed
according to the manufacturer’sinstructions (Pierce C18 Tips, Thermo
Fisher Scientific), but sample loading and elution from the tips was
performed by tenrepetitive steps of pipetting up and down. Desalted
and propionylated histone peptides were reconstituted in 47 pl of 2%
formicacid and 5% acetonitrile. Three microlitres of a chicken lysozyme
digest (70 pmol pl™) was added as aninternal standard to each sample,
vortexed, sonicated and transferred to micro-volume inserts.

Core histone profiling by targeted MRM

Core histone peptide separation was performed on an LC instrument
(1290 series UHPLC; Agilent) in technical triplicates (3 pg protein per
injection), online coupled to a triple quadrupole hybrid ion trap mass
spectrometer QTrap 6500 (Sciex). A Reprosil-PUR C18-AQ (1.9 pm, 120 A,
150 x 2 mm ID; Dr. Maisch) column ata controlled temperature of 30 °C
was used for separation of peptides. Peptides were eluted using agradi-
entfrom2%to30%solvent Binsolvent A over 39 min at 250 pl min flow
rate. Solvent A was 10 mM ammonium acetate, pH 3.5 (adjusted with
aceticacid), and solvent Bwas 0.1% formic acid in acetonitrile. Transition
settings for H3 histone multiple reaction monitoring (MRM) were taken
fromtheliterature'® and consisted of two transitions for all 42 histone
peptidesincluding the following lysine PTMs: acetylation, methylation,
dimethylationand trimethylation as well as phosphorylations onserine,
threonine and tyrosine. Transitions were monitoredina300 s window of
the expectedelution time and acquired at unit resolution (peak width at
50%was 0.7 + 0.1 Datolerance) in quadrupole Q1 and Q3. Data acquisi-
tionwas performed withanion spray voltage of 5.5 kV in positive mode
ofthe ESIsource, N, as the collision gas was set to high, curtain gas was
setto 30 psi,ionsourcegasland2weresetto 50 and 70 psi, respectively,
and aninterface heater temperature of 350 °C was used.

Relative quantification of the peaks was performed using
MultiQuant software v.2.1.1 (Sciex). The integration setting was a
peak-splitting factor of 2, a Gaussian smoothing width of 2was applied,
and all peaks were reviewed manually. Only the average peak area of
thefirst transition was used for calculations. Normalization was done
according to the sum of the intensities of the three different H3 pep-
tides (Supplementary Table 11).

LC-MS/MS sample preparation for simultaneous
determination of cytidine modifications

Genomic DNA (gDNA) was extracted from 1 million cells using 100 pl
genome lysis buffer (10 mM Tris, 10 mM NacCl, 10 mM EDTA and 0.5%
SDS"*™ which was supplemented with RNase (Roche) and Proteinase
K (Invitrogen) to a final concentration of 1 mg ml™. This solution was
incubated at 37 °Cfor1hfollowed by overnightincubation at 55 °C. The
next day, 300 plof water were added along with an equal volume of phe-
nol-chloroform-isoamyl alcohol (Invitrogen), samples were vortexed
briefly, and then centrifuged at 21,000g for 10 min at room tempera-
ture. The aqueous phase was collected, and this process was repeated.
After the second extraction, the aqueous phase was combined with
20 pl5 MNaCl, 1l 20 mg mi™ glycogen (Thermo Fisher Scientific) and
880 nl100% ethanol, then placed at -20 °C overnight. This solution was
stored at—20 °C overnight and then centrifuged at 21,000g4 °Cfor1h
the next day. This was followed by two washes with 70% ethanol, elution
in 50 pl ultrapure distilled water (Invitrogen) and quantification with
the Qubit dsDNA HS assay (Thermo Fisher Scientific).

Simultaneous determination of cytidine modifications by
targeted LC-MS/MS

Five-hundred nanograms of gDNA was used for profil-
ing the following cytidine modifications: 2’-deoxycytidine
(dC), 5-methyl-2’-deoxycytidine (5-mdC, called 5-mC in text),
5-hydroxymethyl-2’-deoxycytidine (5-hmdC, 5-hmcC in text),
5-formyl-2’-deoxycytidine (5-fodC) and 5-carboxyl-2’-deoxycytidine
(5-cadC), as well as the other three bases 2’-deoxyguanosine (dG),
2’-deoxyadenosine (dA) and thymidine (T). An MRM method with three
transitions was established by using pure compounds. Furthermore,
adilution series of these standards was used for absolute quantifica-
tion. Five-hundred nanograms of DNA was dissolved in a total of 27 pl
water in Protein LoBind Tubes, and 3 pl DNA Degradase bufferand 1 pl
DNA Degradase Plus enzyme (Zymo Research) were added. The DNA
digestion efficiency was monitored by using 100 ng 5-methylcytosine
and 5-hydroxymethylcytosine DNA standard sets (Zymo Research) in
parallelunder identical conditions. The digest was carried outat 37 °C
on arocking platform (600 r.p.m.) for 2 h. The digest was stopped by
adding 1 plof 5% formic acid.

Tenmicrolitres of the DNA digests was used for LC-MS/MS analysis
in each technical replicate. Cytidine separation was performed on an
LCinstrument (1290 series UHPLC; Agilent), online coupled toatriple
quadrupole hybrid ion trap mass spectrometer QTrap 6500 (Sciex).
Cytidines were eluted from a Reprosil-PUR C18-AQ (1.9 um, 120 A,
150 x2 mmID; Dr. Maisch) column ata controlled temperature of 30 °C,
using a gradient from 2% to 98% solvent B in solvent A over 10 min at
250 pl min™ flow rate. Solvent A was 10 mM ammonium acetate, pH
3.5 (adjusted with acetic acid), and solvent B was 0.1% formic acid
in acetonitrile. Transition settings are provided in Supplementary
Table12, consisting of three transitions for each base. Transitions were
monitoredina240 swindow of the expected elution time and acquired
at unit resolution (peak width at 50% was 0.7 + 0.1 Da tolerance) in
quadrupole Q1 and Q3. Data acquisition was performed with an ion
spray voltage of 5.5 kVin positive mode of the ESIsource, N, as the col-
lision gas was set to high, curtain gas was set to 30 psi, ion source gas
land 2 were set to 50 and 70 psi, respectively, and an interface heater
temperature of 350 °C was used.

Relative quantification of the peaks was performed using Mul-
tiQuant software v.2.1.1 (Sciex). The integration settings were a
peak-splitting factor of 2 points and a Gaussian smoothing width of 2.
All peaks were reviewed manually. Only the average peak area of the first
transition was used for calculations. Datawere normalized to thymidine
levels to account for DNA input variations (Supplementary Table 12).

RRBS

Concentration of gDNA was quantified using a Qubit 3.0 Fluorometer.
RRBS was performed on100 ng gDNA of each sample using the NuGen
Ovation RRBS Methyl-Seq System (Tecan, #0353) following the manu-
facturer’s recommendations with the following modifications: after
the final repair step, the bisulfite conversion of DNA was conducted
using the Qiagen EpiTect Fast Bisulfite Conversion kit (Qiagen, #59824)
following the manufacturer’srecommendations, eluting the bisulfite
converted DNA in 23 pl EB. Libraries were amplified with 12 cycles of
PCR. Amplified library purification with Agencourt RNAclean XP beads
(Beckman Coulter, #A63987) was performed twice (1x). The purified
libraries were quality-assessed on an Agilent 4150 TapeStation HS
D1000 ScreenTape and sequenced for 100 bp single-end readson a
NovaSeq 6000 platform (Illumina).

WGBS

gDNA was prepared as above and sheared in Covaris micro TUBE AFA
Fiber Pre-Slit Snap-Cap tubes (SKU: 520045), followed by clean-up
with the Zymo DNA Clean & Concentrator-5 Kit (#D4013) according
to the manufacturer’s guidelines. Sheared gDNA was bisulfite con-
verted following the manufacturer’s guidelines with the EZ DNA
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Methylation-Gold Kit (Zymo #D5005), and libraries were prepared
using the Accel-NGS Methyl-seq DNA library kit (Swift Biosciences,
#30024-SWI). Libraries were cleaned using Agencourt AMPure XP
beads (Beckman Coulter, #A63881), and the absence of adapters was
confirmed on the Agilent TapeStation HS D5000. The final libraries
were sequenced onaNovaSeq 6000 platform (Illumina) yielding 150 bp
paired-end reads.

RNA-seq

TSC celllines (around 1 million cells per sample; see above for culture
conditions, genetic background and treatments) were dissociated
with trypsin-EDTA (0.05%) for 5 min at 37 °C, 5% CO, to obtainasingle
cell suspension. Cells were then collected, washed with ice cold DPBS
and centrifuged at 4 °C, 300g for 5 min. Two biological replicates for
samples of the acute inhibitor response experiment were prepared.
For all other samples, two technical replicates for each sample were
prepared. Subsequently, cell pellets were resuspended in 350 pl RLT
Plus buffer containing 1% 2-mercaptoethanol (Thermo Fisher Scien-
tific, #21985023). After cell lysis by trituration and vortexing, RNA
was extracted using RNeasy Plus Micro Kit (Qiagen, #74034) and RNA
concentration and quality was measured using the Agilent RNA Screen-
Tape (Agilent Technologies, #5067-5576) on an Agilent 4150 TapeSta-
tion system. All samples analysed had an RINe value higher than 8.0,
and were subsequently used for library preparation. mRNA libraries
were prepared using KAPA Stranded RNA-Seq Kit (KapaBiosystem,
#KK8421/07962207001) according to the manufacturer’sinstructions.
Five-hundred nanograms of total RNA was used for each sample to enter
the library preparation protocol. For adapter ligation, dual indexes
were used (NEXTFLEX Unique Dual Index Barcodes #NOVA-514150 and
#NOVA-514151) ataworking concentration of 71 nM (5 pl of 1 pM stock
in each 70 pl ligation reaction). Twelve library PCR cycles were used.
Quality and concentration of the obtained libraries were measured
using Agilent High Sensitivity D5000 ScreenTape (Agilent Technolo-
gies, #5067- 5592) on an Agilent 4150 TapeStation. All libraries were
sequenced using 100 bp paired-end sequencing (200 cycles kit) on a
NovaSeq 6000 platform.

Hi-C
Twomillioncellsforboth ESCs and TSCs were dissociated inasingle-cell
suspension using pre-warmed trypsin-EDTA (0.05%) and incubated for
5-10 min at 37 °C. Trypsin was blocked by adding 10% FCS/DPBS, and
cellswere centrifuged for 5 minat-~300g. Cell pellet was resuspendedin
a2% paraformaldehyde (PFA),10% foetal calf serum (FCS) fixation solu-
tionandincubated at room temperature for 10 min while tumbling. The
reaction was quenched on ice by adding glycine (final concentration
125 mM) and cells were collected by centrifugation at 400g for 8 min
at 4 °C. To extract the nuclei, cells were incubated on ice for 10 min
withice-cold Lysis Buffer (50 mM Tris-HCIl pH 7.5,150 mM NaCl, 5 mM
788 EDTA, 0.5% NP40, 1.15% Triton X-100 and 25x Protease Inhibitor
in Milli-Q water). Extracted nuclei were centrifuged at 750g for 5 min
at 4 °C, washed twice with 1x DPBS, snap frozen and stored at —-80 °C.
Hi-C libraries were prepared as described previously"2. Briefly,
nucleiwere first permeabilized using 0.5% SDS at 62 °C for 10 min, and
later, chromatin was digested with Dpnll (NEB, #R0543) for 90 min
at 37 °C with gentle rotation. The overhangs generated by digestion
were filled and marked with biotin-14-dATP (Thermo Fisher Scien-
tific, #19524016) by a 90 min incubation at 37 °C with gentle rotation.
After, DNA fragments were ligated for 4 hat 20 °C with gentle rotation
using T4 DNA Ligase (Thermo Fisher Scientific, #M0202M). Chromatin
was then reverse-crosslinked, precipitated and sheared with Covaris
$220 (two cycles, each 50 s long; 10% duty; 4 intensity; 200 cycles per
burst). The biotin-marked-DNA shared fragments were pulled down
using Dynabeads MyOne Streptavidin T1beads (Thermo Fisher Scien-
tific, #65601), purified and further processed for Illumina sequencing
with NEBNext Ultrall Library Prep Kit for Illumina according to the kit

guidelines (NEBNext End Prep, Adaptor Ligation, PCR enrichment of
Adaptor-Ligated DNA using NEBNext Multiplex Oligos for Illumina).
Clean-up andsize selection were performed with AMPure beads. Hi-C
libraries were sequenced on aNovaSeq 6000 platform.

Nanopore ultralong read sequencing

We extracted ultrahigh-molecular-weight DNA with the Nanobind
CBB big DNA kit (Circulomics, #NB-900-001-01) following the manu-
facturer’s protocol with minor modifications. Briefly, 6 million cells
(TSC1) were collected and snap-frozenin liquid nitrogen for later use.
Frozen cells were thawed onice and thoroughly resuspended in 40 pl
of room temperature equilibrated 1x PBS. The cell suspension was
supplemented with 40 pl of Proteinase K solution and gently mixed
by pipetting (10x). The elution of DNA bound to the Nanobind disk
was performed using 760 pl modified elution buffer (EB+) for 18 h at
room temperature. DNA-containing supernatant was transferred into
anEppendorf1.5 mIDNA LoBind tube. The remaining DNAbound to the
Nanobind disk was collected by asingle centrifugation step at10,000g
for 10 s at room temperature and transferred to the stock solution.
The eluate was homogenized by gentle resuspension (5x) and subse-
quentlyincubated for 2 hatroom temperature. The DNA solution was
incubated on an Eppendorf Thermomixer for an additional 30 min at
37 °C with gentle mixing (5%) every 15 min. The homogenized sample
was quantified using a Qubit Fluorometer (Thermo Fisher Scientific)
in conjunction with the Qubit dsDNA BR assay kit following the manu-
facturer’sinstructions. DNA purity was assessed with aNanodrop One
Spectrophotometer.

We prepared an ultralong nanopore sequencing library with a total
of 35 pg of high-molecular-weight DNA following the manufacturer’s
protocol withminor modifications. Briefly, utilizing the Oxford Nano-
pore Technologies (ONT) sequencing library kit SQK-ULK0O1, 6 pl of
Transposase (FRA) wasresuspended in 244 pl of fragmentation buffer
(FDB) and subsequently added to 750 pl of DNA solution following gen-
tleresuspension (10x). Fragmented DNA was supplemented with 5 pul of
rapid sequencing adapter (RAPF) and gently resuspended (10x) follow-
ingalhincubationatroomtemperature. The sequencinglibrary was
precipitated using 500 pl of precipitation buffer (NAF) to aNanobind
disk for the removal of unbound sequencing adapter, and we removed
small DNA fragments (<3 kb) by washing the disk with ONT’s long
fragment buffer. The library was then incubated with 225 pl standard
elutionbuffer (EB) for 18 hat RT and supernatant was transferred into
afresh Eppendorf1.5 mI DNA LoBind tube. The remaining DNA bound
to the Nanobind disk was collected by a single centrifugation step at
10,000g for 10 s at room temperature and transferred to the stock
solution. Final eluate was homogenized by gentle resuspension (5x)
and subsequently incubated for 2 h at room temperature. The library
wasincubated onan Eppendorf Thermomixer for anadditional 30 min
at37 °Cwithgentle resuspension (5x) every 15 min. Prior flow cell load-
ing 75 pl of the library was mixed with 75 pl of sequencing buffer (SQB)
by gentle resuspension (10x) and incubated at room temperature for
30 min. Atotal of two PromethION flow cells were primed using ONT’s
flow cell priming kit (EXP-FLP002) following the manufacturer’s recom-
mendation, and the sequencing library was loaded onto the flow cell.

MINUTE-ChIP

MINUTE-ChIP was performed essentially as described previously*.
Briefly, native cell pellets containing 1-2 million cells of various treat-
ment conditions or genetic background were lysed and digested with
MNase to enrich for mononucleosome population. The digestion
was quenched by EGTA-containing end-repair and ligation buffer, in
which each sample was ligated to adaptor molecules carrying unique
barcodes. Ligation was quenched by EDTA-containing lysis dilution
buffer, before combining all samplesin one tube. After centrifugation,
poolsupernatant was recovered and aliquoted for individual ChIP.A2
million cell-equivalent of pool supernatant was used for ChIP against
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each histone modification, with the anti-H3K4me3 (3 pl per ChIP, Mil-
lipore #04-745), anti-H3K27me3 (1 pg per ChIP, Cell Signaling #9733)
and anti-H2AK119ub (0.6 pg per ChIP, Cell Signaling #8240) antibod-
ies pre-coupled to Protein A magnetic beads. After thorough washes,
ChIP DNA was recovered with Proteinase K treatment and purified for
linear amplification by in vitro transcription. The RNA product was
then ligated to a pre-adenylated RNA 3’ adaptor (RA3), which served
as a primer binding site for reverse transcription. The resulting com-
plementary DNA was purified and used as a template for library PCR
with barcoded primers compatible with llluminasequencing platform.
Typically,100,000t0200,000 cell equivalents of pool supernatant was
used as Input, which is subjected to the same experimental workflow
for library construction as the ChIP DNA. All nucleic-acid purification
were carried out with AMPure SPRI size selection method (Beckman
Coulter). Library size distribution was assessed by Agilent BioAnalyzer
and were quantified by Qubit DNA high sensitivity assay before dilution
for sequencing onaNovaSeq 6000 platform.

Two sample pools were prepared in this study. Triplicates of TSC1
were included in each pool to serve as a reference for samplesin each
pool.Pool/Batchlincludes triplicates of TSC1WT, ESCWT and Dnmt3b
KO. Pool/Batch 2 includes triplicates of TSC1WT, Kdm2b KO, Rnf2KO,
Eed KO and TSC1WT recovered for 4 weeks from a5 week EZH2i treat-
ment (Supplementary Table 4).

MNase-based ChIP-BS-seq and library construction

Five million cells were resuspended in 500 pl cell lysis buffer (20 mM
Tris-HCI pH 8, 85 mM KCl and 0.5% NP40) and incubated for 5 min on
icefollowed by 2,500g centrifugationat4 °Cfor 5min (ref. 113). Super-
natant was removed and pelleted nuclei were resuspended in 100 pl
PBS, after which an additional 100 pl of 2x lysis buffer supplemented
with40 U pl™ micrococcal nuclease (NEB) was added (100 mM Tris-HClI
pH8.0,300 mM Nacl, 2% Triton X-100, 0.2% sodium deoxycholate and
10 mM CacCl,, ref. 114). Nuclear lysis was carried out on ice for 20 min
followed by a25 minincubationat37 °C, which was empirically deter-
mined to yield mononucleosome-sized fragments. The micrococcal
nuclease reaction was terminated with the addition of 800 pl lysis
dilutionbuffer (50 mM Tris-HCI pH 8.0,150 mM NacCl, 1% Triton X-100,
50 mMMEGTA, 50 mM EDTA and 0.1% sodium deoxycholate), and 2 pg of
H3K27me3 antibody was added (Thermo Fisher Scientific Scientific,
#MAS-11198). IP was carried out at 4 °C overnight with gentle rotation
followed by incubation with protein A Dynabeads (Thermo Fisher
Scientific) for 4 h the next day. Bead-bound immune complexes were
washed at4 °C two times with RIPA buffer (0.1% DOC, 0.1% SDS, 1% Tri-
ton X-100,10 mM Tris-HCIpH 8.0,1 mM EDTA and 140 mM NacCl), and
then one time with each of the following: RIPA high salt (0.1% DOC, 0.1%
SDS, 1% Triton X-100,10 mM Tris—-HCIpH 8.0,1 mM EDTA and 360 mM
NaCl), LiCl wash buffer (250 mM LiCl, 0.5% NP40, 0.5% deoxycholate,
1mMEDTA and10 mM Tris-HCI, pH 8.0) and TE pH 8.0. DNA was then
eluted from the Protein A beads by dissolving them in 100 pl ChIP elu-
tionbuffer (TE, 0.1% SDS and 300 mM NaCl) with 0.2 mg mI™ Proteinase
K (Invitrogen) and incubating at 55 °C overnight. The next day 300 pl TE
was addedtothereactionalongwith 400 pl phenol-chloroform-isoa-
mylalcohol (Invitrogen), and the solution was briefly vortexed and then
centrifuged at 21,000g for 10 min at room temperature in phase lock
tubes (VWR). After centrifugation, the aqueous phase was collected
and combined with 20 pul 5 M NacCl, 1 ul 20 mg/ml glycogen (Thermo
Fisher Scientific), and 880 pl 100% ethanol. This solution was stored
at -20 °C overnight and then centrifuged at 21,000g 4 °C for 1 h the
next day. This was followed by two washes with 70% ethanol and eluted
in 20 pl 1x TE. The resulting DNA was bisulfite converted with the EZ
DNA Methylation Gold Kit (Zymo) and used asinput for the Accel-NGS
Methyl-Seq DNA Library Kit (Swift/Integrated DNA Technologies) fol-
lowing the manufacturer’s protocol and described above. All libraries
were sequenced using 100 bp paired-end sequencing (200 cycles kit)
onaNovaSeq 6000 platform.

EED ChIP-seq

Ten million cells were crosslinked in a 1% formaldehyde solution for
5 min at room temperature, after which glycine was added to a final
concentration of 125 mM and incubated for 5 min to quench the reac-
tion. These fixed cells were centrifuged at2,500g for 5 minat4 °Cand
the pellet was washed twice with 1 ml PBS. Nuclei were extracted by
incubating the fixed cells with 500 pl of cell lysis buffer (20 mM Tris-
HCIpH 8.0,85 mMKCland 0.5%NP40) for 10 minonice thenspun down
for 3 min at 2,500g. The pellet was resuspended in nuclei lysis buffer
(10 mM Tris pH 7.5, 1% IGEPAL, 0.5% sodium deoxycholate and 0.1%
SDS), then sonicated ona Covaris E220 Evolution sonicator (peak inci-
dent power 140.0, duty factor 5.0, cycles per burst 200, 20 min). After
sonication, chromatin was spun down at 21,000g for 10 min to pellet
insoluble material. The supernatant was transferred toafresh tube, the
volume wasincreased to 1 mlwith chip dilution buffer (0.01% SDS, 1.1%
TritonX-100,1.2 mMMEDTA, 16.7 mM Tris-HCI pH 8.1and 167 mM NaCl),
and 5 pg of EED antibody was added (Abcam ab240650). IP was carried
outat4 °Covernight with gentle rotation followed by incubation with
Protein A Dynabeads (Thermo Fisher Scientific) for 4 h. IP was followed
by two washes of each of the following: low-salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl);
high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris, pH 8.1, 500 mM NaCl); LiCl wash buffer (0.25 M LiCl, 1% NP40, 1%
deoxycholate, 1 mM EDTA and 10 mM Tris-HCI pH 8.1) and TE buffer
pH 8.0 (10 mM Tris-HCI, pH 8.0 and 1 mM EDTA pH 8.0). DNA was
eluted twice using 50 pl of EB (0.5-1% SDS and 0.1 M NaHCO;) at 65 °C
for15 min. A16 plvolume of reverse crosslinking salt mixture (250 mM
Tris-HCI, pH 6.5,62.5 mMEDTA pH 8.0,1.25 MNaCland 5 mg ml™ Pro-
teinase K) was added, and samples were allowed to incubate at 65 °C
overnight. The next day 284 pl TEwasadded to thereaction along with
400 plphenol-chloroform-isoamylalcohol (Invitrogen), and the solu-
tion was briefly vortexed and then centrifuged at 21,000g for 10 min
atroomtemperaturein phaselock tubes (VWR). After centrifugation,
the aqueous phase was collected and combined with 20 pl 5 M Nacl,
1120 mg ml™ glycogen (Thermo Fisher Scientific) and 880 ul 100%
ethanol. This solution was stored at -20 °C overnight and then cen-
trifuged at 21,000g 4 °C for 1 h the next day. This was followed by two
washes with70% ethanol and elution of the pelleted DNAin 50 pl1x TE.
Libraries were prepared using NEBNext Ultra Il DNA Library Prep Kit
for lllumina (NEB) following the manufacturer’s protocol. All libraries
were sequenced using 100 bp paired-end sequencing (200 cycles kit)
onaNovaSeq 6000 platform.

WGBS data processing

Raw reads were subjected to adapter and quality trimming using
cutadapt (version 2.4; parameters: —quality-cutoff 20 —overlap 5
minimum-length 25 -adapter AGATCGGAAGAGC -A AGATCGGAA-
GAGC), followed by trimming of 10 and 5 nucleotides from the 5’ and 3’
end of thefirstread and 15and Snucleotides from the 5 and 3’end of the
second read'”. The trimmed reads were aligned to the mouse genome
(mm10) using BSMAP (version2.90; parameters:-v0.1-s16-q20-w100
-S1-u-R) (ref. 116). A sorted BAM file was obtained and indexed using
samtools with the ‘sort’and ‘index’ commands (version1.10) (ref.117).
Duplicates were removed using the ‘MarkDuplicates’ command from
GATK (version 4.1.4.1) and default parameters®. Methylation rates
were called using mcall from the MOABS package (version1.3.2; default
parameters)'’. All analyses were restricted to autosomes, and only
CpGscovered by atleast 10 and at most 150 reads were considered for
downstream analyses.

RRBS data processing

Raw reads were subjected to adapter and quality trimming using
cutadapt (version 2.4; parameters: —quality-cutoff 20 —overlap 5 -
minimum-length 25 ~adapter AGATCGGAAGAGC -A AGATCGGAA-
GAGC), followed by NuGEN diversity adapter trimming (https://
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github.com/nugentechnologies/NuMetRRBS). The trimmed reads
were aligned to the mouse genome (mm10) using BSMAP (version
2.90; parameters:-v 0.1-s12-q20-w100-S1-u-R-D C-CGG). A sorted
BAM file was obtained and indexed using samtools with the ‘sort’and
‘index’ commands (version1.10). Aligned reads were deduplicated on
the basis of unique molecular identifiers (UMIs) using NuDup (https://
github.com/nugentechnologies/nudup; parameters: start 6 -length
6). Methylation rates were called using mcall from the MOABS pack-
age (version 1.3.2; default parameters). All analyses were restricted to
autosomes, and only CpGs covered by atleast 10 and at maximum 150
reads were considered for downstream analyses.

RNA-seq data processing

Raw reads were subjected to adapter and quality trimming with
cutadapt (version 2.4; parameters: —quality-cutoff 20 overlap 5-
minimum-length 25 -interleaved -~adapter AGATCGGAAGAGC -A
AGATCGGAAGAGC), followed by poly-A trimming with cutadapt
(parameters: —interleaved-overlap 20 -minimum-length -adapter
‘A[100] -adapter ‘T[100]’). Reads were aligned to the mouse reference
genome (mm10) using STAR (version 2.7.5a; parameters: -runMode
alignReads -chimSegmentMin 20-outSAMstrandField intronMotif
-quantMode GeneCounts)'?°, and transcripts were quantified using
stringtie (version 2.0.6; parameters: -e) (ref. 121) with the GENCODE
annotation (release VM19). For the repeat expression quantification,
reads were re-aligned with additional parameters ‘~outFilterMulti-
mapNmax 50’

Hi-C data processing

Raw reads were subjected to adapter and quality trimming with
cutadapt (version 2.4; parameters: —quality-cutoff 20- —-overlap 5
-minimum-length 25-adapter AGATCGGAAGAGC -A AGATCGGAA-
GAGC). Mates were separately aligned to the mouse genome (mm10)
using bwawith the ‘mem’command (version 0.7.17; parameters:-A1-B
4-E50-L0) (ref.122). Hi-C matrices for each replicate were built using
HiCExplorer with the ‘hicBuildMatrix’ command (version 3.6; param-
eters: -binSize 5000 -restrictionSequence GATC -danglingSequence
GATC-minMappingQuality 30) (ref.123). TSC and ESC replicates were
merged respectively using ‘hicSumMatrices’. TSC and ESC matrices
were normalized together using ‘hicNormalize’ (parameters: —small-
est) and corrected using ‘hicCorrectMatrix’ (parameters: —correction-
Method KR). For whole-chromosome representation and compartment
analysis, bins of matrices at 5 kb resolution were merged into 100 kb
bins using ‘hicMergeMatrixBins’ (parameters: -nb 20). Log, ratio matri-
ces comparing TSCs with ESCs were generated with ‘hicCompareMa-
trices’ (parameters: —operation log2ratio). Full chromosomes were
visualized using ‘hicPlotMatrix’ (parameters: -vMin1-vMax 100000
for correctedinteraction matrices and -vMin -4 -vMax 4 for log, ratio
matrices) and counts across different distances were compared with
‘hicPlotDistVsCounts’ (parameters: -maxdepth 80000000 -chromo-
someExclude chrX chrY).

Nanopore data processing

Nanopore data was processed using Nanopype (v1.1.0, base calling:
guppy v4.0.11 with r9.4.1 high-accuracy configuration; alignment: mini-
map2v2.10 with -ax map-ont-L -MD; methylation calling: nanopolish
v0.13.2; reference genome: mm10) (refs. 124-126). Only methylation
calls with an absolute likelihood of at least 2.5 were used for down-
stream analyses. For genome browser tracks, only CpGs covered by at
least ten reads were shown.

ChIP-BS-seq processing

Raw reads of ESC and TSC H3K27me3 ChIP-BS-seq samples as well as
their respective input samples were subjected to adapter and quality
trimming with cutadapt (version 2.4; parameters: —quality-cutoff
20 -overlap 5 -minimum-length 25-adapter AGATCGGAAGAGC -A

AGATCGGAAGAGC). Reads were aligned to the mouse genome (mm10)
using BSMAP (version 2.90; parameters: -v 0.1-s16 -q 20 -w 100 -S 1
-u -R). A sorted BAM file was obtained and indexed using samtools
with the ‘sort’ and ‘index’ commands (version 1.10). Duplicate reads
wereidentified and removed using GATK (version 4.1.4.1) ‘MarkDupli-
cates’and default parameters. After careful inspection and validation
of high correlation, replicates of treatment and input samples were
merged respectively using samtools ‘merge’. Methylation rates were
called using mcall from the MOABS package (version 1.3.2; default
parameters). Allanalyses were restricted to autosomes, and only CpGs
covered by atleast10 and at most 150 reads were considered for down-
stream analyses. Genome-wide coverage tracks for single and merged
replicates normalized by library size were computed using deepTools
bamCoverage (parameters: -normalizeUsing RPGC -extendReads
-smoothLength300). Coverage tracks were subtracted by the respec-
tive input using deeptools ‘bigwigCompare’.

ChIP-seq processing

Raw reads of ESC and TSC EED and publicly available ESC H3K27me3
ChIP-seq samples were subjected to adapter and quality trimming
with cutadapt (version 2.4; parameters: —quality-cutoff 20 —overlap
5 -minimum-length 25 -adapter AGATCGGAAGAGC -A AGATCGGAA-
GAGC) as were their respective input samples. Reads were aligned
to the mouse genome (mm10) using BWA with the ‘mem’ command
(version 0.7.17, default parameters)'’. A sorted BAM file was obtained
and indexed using samtools with the ‘sort’ and ‘index’ commands
(version 1.10) (ref. 117). Duplicate reads were identified and removed
using GATK (version 4.1.4.1) ‘MarkDuplicates’and default parameters.
After carefulinspection and validation of high correlation, replicates of
treatmentand input samples were merged respectively using samtools
‘merge’. H3K27me3 domains in ESCs were called for each sample with
its respective input using peakranger ‘bcp’ (version 1.18) (ref. 127).
Only regions that were called as domain in at least two of the samples
were considered for the final selection and merged using bedtools
‘mergeBed’ (parameters: -d 50) (ref. 128). Retained regions smaller
than 100 bp were removed from the set.

EED peaks were called using MACS2 ‘callpeak’ (version 2.1.2;
parameters: -bdg- SPMR -broad) based on merged replicates using the
inputsamples as control samples', and only peaks with a g value <0.01
were considered for downstream analyses. Genome-wide coverage
tracks for single and merged replicates normalized by library size were
computed using deepTools bamCoverage (parameters: -normalizeUs-
ing RPGC -extendReads —~smoothLength 300). Coverage tracks were
subtracted by the respective input using deeptools ‘bigwigCompare’.

MINUTE-ChIP processing

MINUTE-ChIP multiplexed FASTQ files were processed using ‘minute’,
aworkflow implemented in Snakemake™°. To ensure reproducibility,
acondaenvironment was set up. Source code and documentation are
fully available on GitHub: https://github.com/NBISweden/minute.

Main steps performed are described below.

Adaptor removal: Read pairs matching parts of the adaptor
sequence (SBS3 or T7 promoter) in either readl or read2 were removed
using cutadapt v3.2.

Demultiplexing and deduplication: Reads were demultiplexed
using cutadapt v3.2 allowing only one mismatch per barcode and writ-
teninto sample-specific FASTQ files used for subsequent mapping.

Mapping: Sample-specific paired FASTQ files were mapped to the
reference mm10 using bowtie2 v2.3.5.1 (ref. 131) with —fast and -reor-
der parameter. Alignments were processed into sorted BAM files and
replicates were pooled using samtools v1.10.

Deduplication: Duplicate reads are marked using UMI-sensitive
deduplicationtoolje-suite (v2.0.RC) (https://github.com/gbcs-embl/
Je/). Read pairs are marked as duplicates if their read1 (first-in-pair)
sequences have the same UMI (allowing for one mismatch) and map to
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the same location in the genome. Blacklisted regions as downloaded
from ENCODE were then removed from BAM files using bedtools v2.30.

Generation of coverage tracks and quantitative scaling: Input cov-
eragetracks with1bpresolutioninbigWigformat were generated from
BAM files using deepTools (v3.5.0) (ref. 132) bamCoverage and scaled
to a reads-per-genome-coverage of one (IXRPGC, also referred to as
‘1x normalization’) using the mm10 effective genome size. ChIP cov-
erage tracks were generated from BAM files using deepTools (v3.5.0)
bamCoverage. Quantitative scaling of the ChIP-seq tracks among
conditions within each pool was based on their input-normalized
mapped read count (INRC). INRC was calculated by dividing the number
of unique reference-mapped reads by the respective number of input
reads: #mapped[ChIP]/#mapped[Input]. This essentially corrects for
an uneven representation of barcodes in the input. It has been previ-
ously shown that INRCs are proportional to the amount of epitope pre-
sent in each condition*®. Reference condition (TSC WT) was scaled to
1x coverage (also termed reads per genome coverage, RPGC). All other
conditions within the same pool were scaled relative to the reference
using the ratio of INRCs multiplied by the scaling factor determined for
1xnormalization of the reference: (#mapped[ChIP]/#mapped[Input])/
(#mapped[ChIP_Reference]/#mapped[Input_Reference]) x scaling
factor.

Quality control: FastQC was run on all FASTQ files to assess general
sequencing quality. Picard (v2.24.1) was used to determine insert size
distribution, duplication rate and estimated library size. Mapping
stats were generated from BAM files using samtools (v1.10) idxstats
and flagstat commands. Final reports with all the statistics generated
throughout the pipeline execution are gathered with MultiQC™>,

Feature annotation

One-kilobase genomictiles were generated by segmenting the genome
using bedtools makewindows (parameters:-w1000-s1000). Annota-
tions of highly methylated domains (HMDs) and PMDs in mm10 were
downloaded from https://zwdzwd.github.io/pmd ref.103. The mm10
gene annotation was downloaded from GENCODE (VM19). Promoters
were defined as 1,500 bp upstream and 500 bp downstream of the
transcription startsite.

Annotations of CGls for mm10 were downloaded from UCSC. CGI
shores were defined as the 2 kb flanking eachisland, while CGl shelves
were defined as the 2 kb flanking the shores. CGIs were defined to be
targeted by PRC2 in ESCs if at least 20% of the CGl overlapped with a
H3K27me3 domain (see ChIP-seq processing). CGls were defined as
promoter CGlif at least 20% of the CGl or the promoter overlapped.
CGls were associated with EED peaks if at least 1bp overlapped. The
distance to the nearest transcription start site for all CGls was calcu-
lated using bedtools ‘closestBed..

Annotations of repeats for mm10 were downloaded from the UCSC
RepeatMasker. Full-length IAP elements were defined as described pre-
viously”*: Elements annotated as inner parts (containing the keyword
‘int’) were merged if they belonged to the same subfamily and were
located within maximal 200 base pairs of each other. Second, only the
merged inner parts with an annotated IAP LTR within a distance of at
most 50 base pairs on each side were selected as full-length element
candidates. The subfamily per element was defined on the basis of
theinner part.

Definition of hyper CGls

Mouse ExXE: Hyper CGls were defined using the methylation difference
of mouse epiblast and EXE based on previous findings®. This previously
reported set of CGls was re-defined using higher-coverage WGBS data
(GSE137337).CGls were termed hyper CGlsif the difference of the aver-
age methylation of a CGlwas more than 0.1when comparing averaged
WT EXE replicates with averaged WT epiblast replicates. Addition-
ally, either more than half of the CpGs within a CGl were required to
have aminimum difference of 0.1 or the CGlwas required to containa

differentially methylated region with higher methylation in the ExE. Dif-
ferentially methylated regions were called on the basis of CpGs located
in CGls using metilene (version 0.2-8; parameters:-m10-d 0.1-c2-f1
-M80-v0.7) (ref.135) andfiltered for a g value <0.05. CGls methylated
inthe epiblast (=0.2) were excluded from the set.

TSC PRCKOs: CGlIs hypermethylated in PRC KOs were defined as
CGls gaining at least 0.2 in average methylation in any of Kdm2b KO,
Rnf2 KO and Eed KO compared with the WT. Here, in contrast to the
other set, we prioritized strong gain of methylation independent of
the original WT levels for the definitionin order to investigate regions
that change drastically uponloss of PRC.

Average feature methylation analysis

Foreverysample, the arithmetic mean was calculated across features
(tiles, CGls, shores, shelves, repeats, promoters, gene bodies). A feature
was considered onlyif atleast three CpGs were covered within aregion.
Replicates of WGBS WT epiblast and EXE were averaged per CpG first
followed by the calculation of the arithmetic mean across features. For
comparative analyses of multiple samples (within one figure panel) only
features covered by all respective samples were used. The DNMT1iand
EZH2itime course analyses are an exception. There, features covered
by at least 80% of the samples were used to accommodate the large
number of samples.

Methylation entropy

Read-level DNA methylation statistics add another layer of informa-
tionontop of theactual methylation rates per CpG with respectto cell
population methylation heterogeneity. In the past, different metrics
have been established to quantify heterogeneity across molecules
based on single-read methylation patterns”, and different groups,
including our own, have developed tools to compute these metrics
from high-throughput bisulfite sequencing data®*°. These read-level
statistics include DNA methylation entropy, a measurement that is
based on 4-mers of consecutive CpGs*®. Entropy measures how het-
erogeneously each 4-mer is methylated on the basis of the patterns of
so-called epialleles, which are generated from all reads that span the
entire 4-mer. These epialleles represent the different possible configu-
rations of methylated and unmethylated CpGs (16 epialleles possible
for a 4-mer). If all reads show the same pattern across the four CpGs,
the entropy would be equal to zero, while the entropy would be 1 if all
16 epialleles would be present at the same frequency. We can therefore
use entropy as a potent indicator of dynamic turnover by measuring
whether intermediate methylation in TSCs stems from the presence
of several different subpopulations with specific methylation pat-
terns (cellular heterogeneity) or whether each moleculeis reflective of
stochastically distributed methylated and unmethylated CpGs (allelic
heterogeneity). Entropy per 4-mer of CpGs was calculated using RLM*°.
Mean entropy per CGl was calculated using the arithmetic mean. Only
4-mers covered by at least 10 and at most 150 reads were considered.

Single cell sorted clone analysis

Methylation and entropy per 4-mer overlapping hyper CGls was
extracted and shown per ESC and TSC clone (Fig. 1d and Extended
DataFig.2a-c). Theinsilico bulk was generated by adding the epiallele
counts for all clones of one cell line and randomly subsampling 100
times fromthese epialleles using the average coverage per 4-mer across
the clones. In eachrandom sampling, the entropy and methylation of
the 4-mer was calculated and the average per 4-mer across all sampling
rounds was reported as the bulk value.

Single-read analysis using nanopore data

Reads were overlapped with hyper CGls (defined using the mouse EXE
feature set), and only reads were retained that spanned at least two
complete hyper CGls. Hyper CGlIs covered by fewer than ten reads were
discarded from the analysis. For each pair of hyper CGls, the number
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of reads spanning both islands was extracted and used to calculate the
fraction of concordant readsif atleast ten reads spanned bothislands.
The fraction of concordant reads was calculated the following way:
For eachread r, the average methylation for both CGls in the pair was
calculated (x,,y,). These averages were compared with the median
across the population foreach CGI (x,3). The fraction of reads for each
pair fulfilling

> XA, > )V (X SXAY, <)

was termed the fraction of concordant reads. To generate unphased,
random control measurements, the average per read of the second CGI
was randomly shuffled 100 times and each time the fraction of concord-
antreads was calculated. The average across all random samplings was
reported per CGl pair.

A/B compartment analysis

The first three eigenvectors were calculated using HiCExplorer’s
‘hicPCA’ function using 100 kb resolution, KR-corrected matrices. For
TSCs, compartments seemed to be defined by PC1 for all chromosomes
while for ESCs compartments for chromosome 1 and 3 seemed to be
represented by PC2 based on manualinspection. For the final compart-
ment annotation, we picked the representative PC per chromosome
and swapped the sign whenever applicable on the basis of gene density
(positive for Acompartment, negative for Bcompartment; higher gene
density in A compartments expected). The A/B interaction ratio was
calculated as described previously'** using the log, fold change of the
average interaction frequency of each genomic 100 kb bin with other
binsin A compared with Bcompartments based on the observed over
expected matrix (generated using the function ‘hicTransform’ from
HiCExplorer).

Sequencing-based histone modification analysis

Enriched heat maps and profile plots of MINUTE-ChIP, ChIP-BS-seq
and ChlIP-seq signal were generated using the R package Enriched-
Heatmap®®. For this purpose, the signal was normalized to genomic
features using the function ‘normalizeToMatrix’ (parameters: extend
=¢(5000, 5000), mean_mode = ‘w0’, w = 50, target_ratio = 0.25). The
resulting data matrix was visualized using the function ‘Enriched-
Heatmap’. Density and scatter plots were generated by calculating the
average signal across one kb genomictiles or CGls. Tiles were classified
asoverlappingwith hyper CGls (as defined on the basis of the EXE) if at
least 20% of the CGl or 20% of the tile overlapped. For genome browser
tracks, the RPGC signal was smoothed using 300 bp sliding windows.

Read stack plot

Tovisualize the methylation rates of single ChIP-BS-seq reads (Fig. 3b
and Extended DataFig. 4c), the single read output from RLM was used
(only reads spanning at least three CpGs were considered). Reads were
coloured by their average methylation as reported by RLM and visual-
ized by IGV limiting the number of reads shown to the first 20 rows'”’.

RNA-seq analysis
Transcripts per million (TPM) were obtained from the stringtie output.
TPMs of replicates were averaged per gene. Correlation of RNA-seq
samples was calculated using genes active in at least one averaged
sample (TPM>2) based on the log,-transformed TPMs. Correlation and
standardized expression values across samples were visualized using
the R package pheatmap (ref.138).

Differentially expressed genes were calculated using DEseq2
(ref. 139) considering only genes with a minimum total read count of
10 across all samples. Replicates for DNMT1i, EZH2i and double treat-
ment were respectively tested against WT and all DMSO control rep-
licates combined. Genes with an absolute log, fold change >2 and an
adjusted Pvalue <0.05were termed differentially expressed. Only genes

activeinatleast two considered samples (TPM >2) were considered for
downstream analyses.

Overrepresentation analysis

Overrepresentation analysis of gene sets (up- and downregulated,
hyper CGl associated, or proteins significantly interacting with EED
as detected by MS) was conducted using WebGestaltR (parameters:
minNum =10, maxNum = 500, ref. 140) and the top 10 or 20 Gene
Ontology (GO) terms for each set were visualized (for gene expression
or MS, respectively).

Repeat expression quantification

Global repeat expression quantification from RNA-seq was carried
out as described previously®. Briefly, to estimate the expression for
eachretrotransposon subfamily without bias due to gene expression,
only reads not overlapping any gene were considered for the analysis.
Spliced reads as well as reads with a high poly-A content were also
removed. Theremaining reads were counted per subfamily only if they
aligned uniquely or multiple times to elements of the same subfamily.
Any annotated element of a specific subfamily from UCSC RepeatMas-
ker was considered independent of our full-length IAP annotation.
Reads aligning to multiple elements were only counted once. The
overall read count per sample was then normalized by library size.

Statistics and reproducibility

No statistical methods were used to pre-determine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions**"!"*3 Sample sizes are indicated in the figure panels or legends.
No datawere excluded. Four different TSClines from two different labs
andincluding female and male lines were profiled to confirm that TSCs
exhibit an intermediate, stochastic methylome similar to that of the
EXE.Single Eed, Rnf2, Dnmt3b, Tet3and Kdm2b KOs were generated (no
replicates) and the effect of the Fed KO was verified using an inhibitor
for EZH2. The effect of DNMT1ion TSCs was replicated in two different
lines and three different experiments within the TSC1 line (different
passages). MINUTE-ChIP experiments were performed in triplicate.
RNA-seq, ChIP-BS-seq and EED ChIP-seq experiments were performed
induplicate. For RRBS, WGBS and nanopore experiments, single repli-
cates per sample or timepoint were generated. Sex typing and western
blots were repeated at least three times, and co-IP of EED and other
proteins were repeated at least two times (one representative shown
inthisstudy). Allattempts at replication were successful. Our genomic
analyses areindependent of humanintervention. For experiments, no
pre-selection was done on experimental versus control samples during
culture, treatment, library synthesis or sequencing stages. Blinding
was not relevant for this study since this is not an intervention study.
However, our analytical pipeline followed uniform criteria applied to
all samples, allowing us to analyse our datain an unbiased manner. All
statistical tests were two-sided and were chosen as appropriate for
datadistribution.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data that support the findings of this study have been
depositedinthe Gene Expression Omnibus (GEO) under accession code
GSE166362. Previously published datasets that were re-analysed here
are available under the following accession codes: WGBS datasets for
WT as well as Polycomb KO mouse epiblast and EXE were obtained from
GSE137337. WGBS for WT mESCs was used from GSE158460. ChIP-seq
for H3K27me3 profiled in mESCs and respective input samples were
obtained from GSE116603, GSE120376 and GSE49847 (refs.144-146).
mESCRNA-seqreplicates are available under GSE159468. WGBS of E15

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166362
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137337
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158460
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116603
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120376
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49847
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159468

Article

https://doi.org/10.1038/s41556-023-01114-y

and E18 mouse placental tissue were obtained from GSE84350. Source
dataare provided withthis paper or available at https://doi.org/10.5281/
zenodo.7492144. Proteomics datasets have been deposited and are
available at the ProteomeXchange Consortium under accession codes
PXD039611 and PXD039719, and at the PeptideAtlas under accession
codes PASS03804 and PASS03805. All other datasupporting the find-
ings of this study are available from the corresponding author on
reasonable request.

Code availability
Codeis available at https://doi.org/10.5281/zenod0.7492144.
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Extended Data Fig.1| Theintermediate methylomeis stable and consistent
across multiple TSC lines. a) Genome browser tracks displaying CpG
methylation for additional TSC lines. All lines exhibit a global decrease of
methylation with select hypermethylation of CGIs to intermediate levels. b)
Overrepresentation analysis of genes with hypermethylated CGI promoters in
the EXE. Genes are enriched in developmental processes. ¢) Distribution of the
distances to the nearest TSS for all CGls and CGlIs hypermethylated in the EXE.
d) Genetic sex determination of wild type TSC lines 1-4 by simplex PCR. Primers
differentiate Xand Y chromosome homologues of the Rbm31 gene. Rbm31x has
an 84 bp deletion in comparison to Rbm31y. Amplicon size: Rbm31x =269 bp,
Rbm31y =353 bp.e) Violin plots of average HMD, PMD and hyper CGl methylation
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lines (single biological replicates for TSCs, two merged biological replicates

for epiblast and ExE). White dots denote the median, edges denote the IQR and
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xIQR; minima/maxima are indicated by the violin plot range). f) Scatterplot
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methylation at hypermethylated CGlsin epiblast, EXE and all TSC lines. CGls are
unmethylated in epiblast, which s associated with low entropy. Both EXE and TSC
lines exhibit mostly intermediate methylation levels and high entropy (EXE shows
comparatively lower intermediate methylation compared to TSCs).
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pairs captured >10x). Aread is termed concordant if paired CGls both have
methylation levels above or below their unphased averages. Hoxa locus CGI
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Data from Ref. 34.
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Extended Data Fig. 3| H3K27me3 is globally enriched in TSCs compared

to ESCs. a) Compartments as defined by Hi-C (PCleigenvector,A>0,B <0)
comparing ESCs and TSCs for the first five chromosomes. Few regions switch
compartments and the overall distributions are highly comparable. b) Hi-C
contact frequencies for ESCs and TSCs for chromosome 1 (100 kb bins), used to
generate the comparative heatmap in Fig. 2a (two merged technical replicates
per cell type). ¢) Comparison of contact frequencies across genomic distances
between ESCs and TSCs. TSCs show anincrease in very long-range contacts,

but the effectis very small and imprecise. d) Density plots comparing DNA
methylation and histone modification levels in one kb genomic tiles as measured
using quantitative MINUTE-ChIP (log2 fold change over input, n = three merged
biological replicates per cell type). TSC epigenomes are characterized by lower
DNA methylation and higher K27me3. e) Western blot showing an increase of

H3K27me3in TSCs compared to ESCs. f) log2 fold change of modified histone
tails measured by mass spectrometry (n = three TSC biological replicates
normalized against the mean of two biological ESC replicates). Histone tails
carrying H3K27me3 are enriched in TSCs compared to ESCs, whereas unmodified
K27 residues are depleted. g) Heatmaps of DNA methylation and histone signal
across different genomic features for ESCs and TSCs. TSCs exhibit higher
H3K27me3 levels across all feature groups including flanking genomic regions.
ESCs show a higher H3K4me3 signal at protein-coding promoters. In contrast,
TSCs show anincrease of this active modification at full length IAP elements,
whichis accompanied by anincrease in their expression (bottom right). Notably,
H3K27me3 also appears to have specific enrichment at the promoters of these
elementsin TSCs, whereas H2AK119ubl is present in both cell types. H2AK119ubl
levels appear to beincreased in ESCs at CGls and promoters.
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Extended Data Fig. 4 | Intermediate DNA methylation and H3K27me3 co-
occupy TSC chromatin. a) CpG-wise comparison of ESCs and TSCs profiled with
WGBS and ChIP-BS-seq (n = two merged biological replicates for ChIP-BS-seq and
single biological replicates for WGBS). b) Violin plots showing the methylation
average of hyper CGlsin ESCs and TSCs as profiled by WGBS and ChIP-BS-seq.
The high similarity between WGBS (unenriched background) and ChIP-BS-
seqindicates that H3K27me3-modified nucleosomes carry intermediately
methylated DNA as a steady state (n = 939 CGls). White dots denote the median,
edges denote the IQR and whiskers denote either 1.5 x IQR or minima/maxima
(if no point exceeded 1.5 x IQR; minima/maxima are indicated by the violin plot

range). ¢) Genome browser track of the WntIlocus in ESCs and TSCs showing

EED localization and H3K27me3 (measured by ChIP-BS-seq) together with DNA
methylation measured by WGBS and ChIP-BS-seq. Average methylation of single
reads spanning at least three CpGs was visualized for WGBS using IGV (only the
first 20 rows are shown). Read-level data expanded for the WGBS samples as
apoint of comparison for Fig. 3b. d) Gating strategy for selecting transfected
clones for the TSC knockout lines. First, cells were gated according to the left
panels to enrich for viable single cells, followed by sorting for GFP* cells. WT TSCs
were transfected with corresponding sgRNA/Cas9 plasmids expressing GFP. WT
TSCs were used as negative control to set the GFP* gate.
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Extended Data Fig. 5| Epigenome-wide shifts following the loss of epigenetic
regulators. a) Verification of the knockout strategy shown by read coverage of
WGBS samples. b) Change in methylation for different knockout lines compared
to wild type TSCs (left: TSC1, right: matching parental line, single biological
replicates). ¢) CpG-wise density plot comparing Tet3KO with wild type TSCs
show the overall similarity of these methylation landscapes (single biological
replicates). d) 5-mCand 5-hmC levels as measured by Mass Spectrometry and
normalized to thymidine, shown for ESCs as well as wild type, Dnmt3b KO and
Tet3KO TSCs (n = two independent biological samples, three technical replicates
were conducted for each sample and averaged). These results confirm lower
levels of both modifications in TSCs compared to ESCs, as well as the dependence
of 5> mCon DNMT3B and 5-hmCon TET3. Overall, 5-hmClevels are lower in TSCs
in comparison to ESCs even when accounting for lower global methylation

levelsingeneral (ratio of 5-hmC/5-mC=8.7% in ESCs, 2.8% in TSCs). €) CpG-

wise density plots comparing Polycomb (PRC) knockout TSCs. Eed KO triggers
extreme genome-wide hypermethylation that is more pronounced compared to
KOs of core or auxiliary PRC1 subunits (single biological replicates). f) Western
blot showing H3K27me3 and H2AK119ubl in WT and KO TSCs. g) Density plots
depicting the relationship between DNA methylation (delta, single biological
replicates) and either H2AK119ubl or H3K4me3 (log2 fold change, three merged
biological replicates) as they change between KO and WT TSCS (datais at one kb
tile resolution). h) Log2 fold change for each histone modification in all TSC KOs
comparedto WT (n=1,700,932 one kb tiles, three merged biological replicates).
White dots denote the median, edges the IQR and whiskers either 1.5 X IQR or
minima/maxima (if no point exceeded 1.5 x IQR; minima/maxima are indicated by
theviolin plot range).
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Extended Data Fig. 6 | H3K4me3 shields CGIs from extreme
hypermethylation. a) Density plots comparing MINUTE-ChIP signal per one
kb tile between WT and KO TSCs (log2 fold change over input, three merged
biological replicates). b) Top: Overlap of CGIs hypermethylated in any PRC

KO line (difference to WT > 0.2). Kdm2b KO cells show a diminished effect on
CGImethylation in comparison to core regulators. Bottom: Mean methylation
ofthe union of hypermethylated CGls found in any of our PRC KOs (PRC
hypermethylated CGls, n =3,967). White dots denote the median, edges the
IQR and whiskers either 1.5 x IQR or minima/maxima (if no point exceeded 1.5 x
IQR; minima/maxima are indicated by the violin plot range). ¢) Heatmaps of the
histone modification and DNA methylation signal at CGIs hypermethylated in
PRC KOs (matching the combined metaplotsin Fig. 3h). Histone modifications

are quantitatively comparable as measured by MINUTE-ChIP within the same
batch (Dnmt3b KO and PRC KOs were sequenced in two different batches and
therefore each have a separate WT control, see Methods). d) Pairwise scatterplot
comparing average delta methylation between PRC KOs with respect to the
WT for PRC hypermethylated CGls. Points are colored by H3K4me3 level in
Eed KO (left and right) or Rnf2KO (mid) (log2-transformed). e) Scatterplot
comparing mean methylation and H3K4me3 for PRC hypermethylated CGls
(samples all measured within the same MINUTE-ChIP batch). Histograms show
the enrichment of CGlIs for DNA methylation (x axis) and H3K4me3 (y axis),
respectively. Color represents the average H3K27me3 signal per line (log2-
transformed). DNA methylation increases from Kdm2b KO to Eed KO while
H3K4me3signal drops.
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Extended Data Fig. 7 | Differences between zygotic knockouts invivo and
acute knockouts in TSCs. a) Feature-level violin plots for TSC and zygotic
knockouts (n=939,938 and 913,380 one kb tilesin HMDs and PMDs, n = 14,698
and 1,054 CGls and hyper CGls, two merged biological replicates for epiblast/EXE
samples, single biological replicates otherwise). White dots denote the median,
edges the IQR and whiskers either 1.5 x IQR or minima/maxima (if no point
exceeded 1.5 x IQR; minima/maxima are indicated by the violin plot range). Data
taken from Ref. 67.b) Genome browser track of the Pax7locus. ¢) Feature-level
mean methylation across DMSO controls (RRBS time course in Fig. 5a, n =117,477
and 62,118 one kb tiles in HMDs and PMDs, 970 hyper CGls, single biological
replicates). Lines denote the median, edges the IQR and whiskers either 1.5 X IQR
or minima/maxima (if no point exceeded 1.5 x IQR; outliers omitted). d) CpG-wise
density plot of DNMTTLi-treated TSCs (left) and following withdrawal (right, single

biological replicates compared to WT, WGBS). e) Feature-level methylation
changes after DNMTli treatment or withdrawal (WGBS, features methylated >
0.2in control were considered, single biological replicates, n = features). Lines
denote the median, edges the IQR and whiskers either 1.5 x IQR or minima/
maxima (if no point exceeded 1.5 x IQR; outliers omitted). f) Different TSC lines
and passages show reproducible DNMTl1i responses, highlighting the stability
of this landscape over extended culture (feature n as in Extended Data Fig. 7c,
single biological replicates). g) Methylation ratios between DNMT1i treatment
orrecovery (features methylated > 0.2 in DMSO control, n = 93,393 - 95,472
and 57,789- 58,796 one kb tiles in HMDs and PMDs, 746 - 890 hyper CGls, single
biological replicates). Lines denote the median, edges the IQR and whiskers
either 1.5 xIQR or minima/maxima (if no point exceeded 1.5 x IQR; outliers
omitted).

Nature Cell Biology


http://www.nature.com/naturecellbiology

https://doi.org/10.1038/s41556-023-01114-y

Article

a
w o AuAioe aselgjsuelijAyiow-N auisA|-uigyold
w A < 2 o AjAnoe aselajsueljjAyiow—N auisA|
o > [2E= A)iAioe aselsjsuel)Ayjow suoisiy
m _ o A-3 Qo2 Buipuiq suoisiy
o 2 pes AJAIOE aselsjsueljjAyisw-—N aulsA|-auosiy
= 2 = b ﬂ l @ o AliAipoe aselsjsueljAyiow
n o S5 w x 22 Buipuiq uisjold yuspuadap-uolesyipow
> o e} orara Buipuiq uieloid uspuadap-uonejAyiew
5o = B - SEE 6uipuiq aUOJSIY pejelALaW
3 o1 it m - - [T Anoe wmm._mhwcm._u\fﬂw_.c juspuadap-auluolyjewiAsouspe-g
8 Zi--ngFemteotiiy 2 o = 3 K o WHEDO Buipuiq urewop Jaddiz suidna)
x < L Eme [ | S VN e uo Buioe ‘Ayaioe onAleieo
" 2llg N sdnoub uogied—auo Bulisjsuel} ‘AjIAloe aselsjsuel}
3 SElw S wlg K-4 » Buipuiq eousnbas UoIjEZI|e20| Jesjanu
B oo e ) 0w o M nm % AyAijoe aseojjay yuspuadap-41 N auund
o a 35 ol N K o © AjAnoe aseoljay juapuadeap-d 1V
€ [T Y s ] XTI | w = Buipuiq YNQ unewo.iyo
=) 0] = A Lo Buipuiq YNQ [ewosoajonu
x Buipuiq 8ouanbas [eubis
0 o ©. = L L a10d Jeajonu JO JuaN}ISUod [ednjonl}s
>0 2o - Q2 - Kynoe esed 1y Eoncm%u-ﬁ,_m
g | Ll ©® " < Ainpoe esedljay YNy Juspuadep-d 1y
g o | o = = L F< R)IAioe 9sedijay YNY
ol 8 3 Y e 2rX o Buipuiq swosoajonu
0Ol w5 ™ -iQ (@] L Lo M.zm_ uo Bunoe ‘Ajiaoe onAeyeo
= aglle o %] JIAIJOEB 9sedljay
B <2 o = L-z Buipuiq yNyous
|-/ [ 0 g g o AyAnoe buijesuue
L4 LT a< S odo o R)IAloe Joje|nbal uoe|sues)
5 e ;¥ L I~ BuUIPUIG YNQ Papuei)s—ajbuis
: o mc_nc_g xa|dwoo c_mﬂo_ﬂoo_o:cog:
k] e Y uipuiq g aseury ulsjol
g ® 0 =z gl iS B — 0, Buipuiq YN papuens-sibuis
3T m .......... (O] ] 0] \omv Buipuiq ﬂom‘\_m aulnd-Ajod
S -5 2L o ] S A«& Buipuiq (v)Ajod
< ool ——————— Buipuig ¥1N-.S YNHW
o 2w lio Q0 Q< NQ Buipuiq VNN
3 x .m ° Q -ooooo m:_u:_n din-.e <QW_E
® |- [ 0 o] uipulq YNYW-—al
m 1] m .......... - M m (s199) Os1 syead @33 9WOSs0qH JO JUBSN}ISUOD [eInjonl)s
m M o) bH 15} uonejAyaw ues|y Buipulq YNYW
i x X Y > > 0
SOY O¥d Ul © S § &5 2 0
o) pajelfujewiadAy s|90 a m e .2 m m m Rm m m m w m
» IM Q W Q 2 s [8) o
3 %) 52 g [
O] S akF c o |
o BIG w £ 2 —
P o w ~— o =
2=2== S B < o) <
\00 s InoT gog° ey s X 0
" womn (empeyuenb 3 § 5|8 8- o
— >
820 ¥|—m=—— |~  -uowOody © Z :_d 2
o 8 ~ o L
N —— c £ x
hi ®O_IDU|| - £ slg 2T o Y&
3 g B 2 ?
E—— -, _v5 = o = ? w
v ——— ~ =
= ) [ N 0 —
o N -~ ()
m . NiD >N®3 o 2= m
= — ™
...@ = — 4% w w un w Ik & M .m Q © R £
T ] Oowvﬁ e N & a N 2 g L 3
—_—T
= m ——— (" | 1 3R E IR & = SHe3 w o o x ¥ 2
— T w ! IS (04
=) W — Q) g1t wlg gl g |a (| § — ]
— = = 71 T 790 ol 9
— s |+~ g a O m g
—rT 3 \\»Q + - £ ~ Cow o,
—= o v o v o «L ' = ® - \vom\ ‘ .
e SH- IR 1 . | ] 7 ! . !
c o ~ = i T—T T g —_
£ = uonejAylew uespy S0 33 3~ (190 ysm depano) 8 mn rno_u w w_ &_ w :m_u
3 1) X, () OSLs¥ead @33 £ o = -

Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Dynamic interactions between PRC2 and de novo
methyltransferases. a) Feature-level methylation across DMSO controls
collected for Fig. 5b (n=116,056 and 62,434 one kb tilesin HMDs and PMDs,
960 hyper CGls, single biological replicates). X-axis breaks indicate different
experiments (EZH2i treatment and DNMTli pulse treatment). Lines denote
the median, edges the IQR and whiskers either 1.5 x IQR or minima/maxima (if
no point exceeded 1.5 x IQR; outliers were omitted). b) MINUTE-ChIP signal
heatmaps for EZH2i-recovery and control TSCs (log2 fold change over input).
Datais for PRC hypermethylated CGIS (see Extended Data Fig. 6b). H3K27me3
is fully regained after extensive periods of PRC2 inhibition. ¢) EED Co-IP of
EZH2i-treated TSCs. EED is slightly downregulated and preserves interactions
with core PRC2 components. Input lanes for the EED blot are taken from the same
blot but shown for a higher exposure time given the intensity of the IP lanes. d)
Representative genome browser tracks showing EED localization in -five week

EZH2i-treated and control TSCs. Regions with strong EED enrichment maintain
signal after EZH2i treatment whereas regions with low enrichment are generally
depleted. e) EED signal heatmaps (ChIP-seq) in WT and EZH2i-treated TSCs,
centered at EED peaks that overlap CGls. DNA methylationin WT and Eed KO
TSCsare also included. f) Methylation of inhibitor-insensitive and -sensitive EED
peaksin WT and Fed KO TSCs (WGBS) as well as for our EZH2i experiments (RRBS,
n=2,868inhibitor-sensitive and 2,202 -insensitive peaks). White dots denote

the median, edges the IQR and whiskers either 1.5 x IQR or minima/maxima (if no
point exceeded 1.5 x IQR; minima/maxima are indicated by the violin plot range).
g) Co-IP of EED in WT ESCs. EED directly interacts with other components of PRC2
aswellas DNMT3B, but not with PRC1 components. h) Overlap of significant EED
interaction partners between ESCs and TSCs as determined by IP-MS. i) GO terms
for significant EED interaction partners within ESCs and TSCs as determined by
IP-MS.
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Extended Data Fig. 9 | Distinct transcriptional responses follow treatment
with epigeneticinhibitors. a) Overrepresented GO terms of biological
processes for differentially up- or down-regulated gene sets following single
and dualinhibitor treatments. Genes up-regulated upon DNMTli treatment are
enriched in germline-associated processes while genes up-regulated upon loss of
H3K27me3 are associated with morphogenesis. Treatment with both inhibitors
leads to a discrete response affecting genes involved in cell cycle regulation and
chromosome segregation. b) Clustering of knockout, wild type and inhibitor
samples based on their RNA-seq profiles (see Methods). ¢) Distribution of log2-
transformed TPMs for specific gene sets (differentially expressed genes in our
seven day inhibitor treatments or genes associated with hypermethylated CGls,
number of genes indicated in figure panel). Eed KO mimics the transcriptional
response to the EZH2i treatment, as do our PRC1knockouts. Loss of either

or bothrepressive pathways does not lead to expression of genes associated
with hypermethylated CGls, although a subtle upward trend can be observed
after double treatment. Lines denote the median, edges denote the IQR and
whiskers denote either 1.5 x IQR and minima/maxima are represented by dots.

d) Heatmaps of MINUTE-ChIP signal and DNA methylation in WT TSCs at
significantly up- or down-regulated genes after 7 days of inhibitor treatment.
Genes up-regulated after treatment with DNMTLi are mostly methylated in TSCs
and become expressed after inhibitor-triggered loss of methylation. In contrast,
neither EZH2i nor dual inhibitor treatment seem to affect the expression of genes
with hypermethylated promoter CGls. EZH2i sensitive genes show no substantial
enrichment for H3K27me3, H2AK119ub1 or DNA methylation and therefore may
be more indicative of indirect responses.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01114-y

a Early progenitor Syncytiotrophoblast Labyrinth Spongiotrophoblast
|

DMSO 7d

DNMT1i 7d

EZH2i 7d

DNMT1i + EZH2i 7d
DMSO 7d

DNMT1i 2d

DNMT1i 7d

DNMT1i 7d recovery 14d
DMSO 5w

EZH2i 5w

EZH2i 5w recovery 1w
EZH2i 5w recovery 4w
WT

Dnmt3b KO

Kdm2b KO

Rnf2 KO

Eed KO

=
-

Hand1 FH
1d2 | |
|
[ ]
-‘h-
HE H N T |

||
Dix3l Il .
||
||

1d1
Rhox4b 0

FIt1

Tcf4

Trophoblast giant cell Prolactin genes

DMSO 7d Log2 (TPM + 1)
] DNMT1i 7d 12
[ EZH2i 7d 10
DNMT1i + EZH2i 7d 8
DMSO 7d 6
DNMT1i 2d 4
DNMT1i 7d 2
DNMT1i 7d recovery 14d 0
DMSO 5w

EZH2i 5w

EZH2i 5w recovery 1w

EZH2i 5w recovery 4w

WT

Dnmt3b KO
Kdm2b KO
Rnf2 KO
| Eed KO
SESESESY
a 830%y =
Zo _ﬂ_.
Genes associated with DMRs (high-low) Legault et al. 2020 b 12.5- 2007 prggenltor ngenes
DMSO 7d 10.0+ ’
DNMT1i 7d 7.5
EZH2i 7d 5.0
DNMT1i + EZH2i 7d 254
DMSO 7d (00 I I A L L B B N R
DNMT1i 2d 125 Trophoblast giant cell
DNMT1i 7d + 5
DNMTH1i 7d recovery 14d < 10.01
DMSO 5w o 757
EZH2i 5w = 5.0
EZH2i 5w recovery 1w o~ 2.5
EZH2i 5w recovery 4w S 0.0
I WT — 125 Prolactin genes
Dnmt3b KO 10'0'
Kdm2b KO 1
Rnf2 KO 7.51 25
Eed KO 5.0+
PN O.aN O—x< 2.5—_@ i ‘ é
E%-D Q'Oég 'EN% 0.0- . * . '.-
I ‘1«
® 5 @3@ R @@@@\%\ @e
@ %
fa} /\" a> o
oé“ &'\\/\ \2\(1'\2‘(]’\
Acute response inhibitor experiment $® (3«(,"/
Recovery inhibitor experiment
Extended Data Fig. 10 | Examining the effects of disrupted epigenetic sets, other than slight downregulation of progenitor markers and upregulation of
regulation on placental gene expression. a) Heatmap of log2-transformed giant cell markers when both DNA and PRC2 functions are dually inhibited. These
TPMs for marker gene sets specific to different placental cell types, including signatures could easily be explained by low level spontaneous differentiation
those associated with early progenitor states (trophoblast stem cells, the EXE induced alongside rapid cell cycle arrest. b) Boxplot of log2-transformed TPMs
and early chorion), as well as for the labyrinth, junctional and giant trophoblast for marker gene sets that exhibit subtle but notable dynamics, including those
lineages. Marker panels are collected from selected references and include those for progenitor, trophoblast giant cell and prolactin genes (number of genes
for the entire prolactin cluster and genes with shared gametogenic and placental indicated in figure panel). Lines denote the median, edges denote the IQR and
functions®®. Very minimal transcriptional changes are observed across these whiskers denote 1.5 x IQR and minima/maxima are represented by dots.
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Software and code

Policy information about availability of computer code

Data collection  cutadapt (version 2.4), BSMAP (version 2.90),GATK (version 4.1.4.1), MOABS (version 1.3.2), Nugene diversity adapter trimming (https://
github.com/nugentechnologies/NuMetRRBS), NuDup (https://github.com/nugentechnologies/nudup), BWA (version 0.7.17), samtools
(version 1.10), MACS2 (version 2.1.2), peakranger (version 1.18), deepTools (version 2.4.1), STAR (version 2.7.5a), stringtie (version 2.0.6),
bowtie2 (version 2.3.5.1), HiCExplorer (version 3.6), Nanopype (version 1.1.0), guppy (v4.0.11), minimap2 (v2.10) , nanopolish (v0.13.2)

- Western blot images were collected using Image Lab software (version 6.1.0 build 7) (Bio-Rad)

- Single cell clones (ESC+TSC) and TSC knockout clones (GFP+) were sorted with FACS Diva software (BD Biosciences, v8.0.1) using BD FACS
Aria Il and BD FACSAria Fusion

- Brightfield images were collected using the Z1 Axio Observer and Zen Blue (2.3.69.1016) software (Zeiss)

Data analysis R (version 3.6.3), metilene (version 0.2-8), bedtools (version 2.29.2), deepTools (version 2.4.1), pheatmap (version 1.0.12), EnrichedHeatmap
(1.19.2), RLM (version 1.0.0), DESeq?2 (version 1.26.0)
Custom code is available at 10.5281/zenodo.7492144.
- FACS data was analyzed with FlowlJo (v10.7)
- GraphPad Prism (V 9.2.0) was used for the generation of bar plots and growth curves

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Sequencing data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE166362. Previously
published data sets that were re-analyzed here are available under the following accession codes: WGBS data sets for wild type as well as Polycomb knockout
mouse epiblast and extraembryonic ectoderm were obtained from GSE137337. WGBS for wild type mESCs was used from GSE158460. ChIP-seq for H3K27me3
profiled in mESCs and respective input samples were obtained from GSE116603, GSE120376 and GSE49847. mESC RNAseq replicates are available under
GSE159468. WGBS of E15 and E18 mouse placental tissue were obtained from GSE84350. Source data are either provided with this study or available at 10.5281/
zenodo.7492144. All other data supporting the findings of this study are available from the corresponding author on reasonable request.
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Life sciences study design

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

Sample size No statistical methods were used to predetermine sample sizes but our sample sizes are similar to those reported in previous publications
(Smith et al. Nature 2017, Schoenfelder et al. Nature Communications 2018, Haggerty et al. Nature Structural and Molecular Biology 2021,
Kumar et al. Nature Cell Biology 2022). Sample sizes are indicated in the figure panels or legends.

Data exclusions  No data was excluded.

Replication Four different TSC lines from two different labs and including female and male lines were profiled in order to confirm that TSCs exhibit an
intermediate, stochastic methylome similar to that of the extraembryonic ectoderm. Single Eed, Rnf2, Dnmt3b, Tet3 and Kdm2b knockouts
were generated (no replicates) and the effect of the Eed knockout was verified using an inhibitor for EZH2. The effect of DNMT1i on TSCs was
replicated in two different lines and three different experiments within the TSC1 line (at different passages). MINUTE-ChIP experiments were
performed in triplicates. RNAseq, ChIP-BS-seq and EED ChlIP-seq experiments were performed in duplicates. For RRBS, WGBS and Nanopore
experiments single replicates per sample or time point were generated. Sex-typing and Western Blots were repeated at least three times, co-
immunoprecipitation of EED and other proteins were repeated at least two times (one representative shown in this study). All attempts at
replication were successful.

Randomization  Our genomic analyses are independent of human intervention and analyze each sample equally and in an unbiased fashion. For experiments,
no pre-selection was done on experimental vs control samples during culture, treatment, library synthesis, or sequencing stages.

Blinding Blinding was not relevant for this study since this is not an intervention study. However, our analytical pipeline followed uniform criteria
applied to all samples, allowing us to analyze our data in an unbiased manner.
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Antibodies

Antibodies used Supplier name, catalog number, clone/lot number
Western Blot and Co-IP/MS
Rabbit anti-H3K27me3: Cell Signaling Technology, #9733S, C36B11
Rabbit anti-H2AK119Ub1: Cell Signaling Technology, #8240S, D27C4
Rabbit anti-Histone H4: Cell Signaling Technology, #2592
Mouse anti-Rabbit-IgG HRP: Jackson, cat# 211-032-171, clone: 5A6-1D10
Rabbit anti-IgG: Cell Signaling Technology, #2729, lot:10
Rabbit anti-EED: Abcam, cat# ab4469, lot:GR3207387-1
Rabbit anti-Rnf2: Cell Signaling Technology, #5694, clone: D22F2
Rabbit anti-DNMT3B: Cell Signaling Technology, #48488S, clone: E4140
Rabbit anti-RYBP: Millipore, #AB3637
Rabbit anti-Suz12: Cell Signaling Technology, #3737T, clone: 8
Mouse anti-Tubulin: Santa Cruz, #sc-32293, clone: DM1A
MINUTE ChlP:
Rabbit anti-H3K4me3: Millipore, #04-745, clone MC315
Rabbit anti-H3K27me3: Cell Signaling Technology, #9733, clone: C36B11
Rabbit anti-H2AK119ub: Cell Signaling Technology, #8240S, clone: D27C4
ChIP-BS-seq:
Rabbit anti-H3K27me3: Thermo Fisher, MA5-11198, lot: WH3366172
ChlIP-seq:
Rabbit anti-EED: Abcam, ab240650, EPR23043-5, lot: GR3427609-2
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Validation Antibodies were validated by comparing immunofluorescence data and western blot in wild type and knockout trophoblast stem cells
(data not shown). Additionally, all antibodies were validated by the provider and cited in numerous publications (information below)

The rabbit anti-H3K27me3 (CST) antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
https://www.cellsignal.de/products/primary-antibodies/tri-methyl-histone-h3-lys27-c36b11-rabbit-mab/9733

The rabbit anti-H2AK119Ub1 antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
https://www.cellsignal.com/products/primary-antibodies/ubiquityl-histone-h2a-lys119-d27c4-xp-rabbit-mab/8240

The rabbit anti-Histone H4 antibody has been validated by WB.
https://www.cellsignal.de/products/primary-antibodies/histone-h4-antibody/2592

The rabbit anti-IgG antibody has been validated by ChIP and IP.
https://www.cellsignal.de/products/primary-antibodies/normal-rabbit-igg/2729

The rabbit anti-EED (abcam, #ab4469) antibody has been validated for WB and ICC/IF. This antibody is additionally knockout
validated.
https://www.abcam.com/eed-antibody-ab4469.html

The rabbit anti-Rnf2 antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
https://www.cellsignal.de/products/primary-antibodies/ring1b-d22f2-xp-rabbit-mab/5694

The rabbit anti-DNMT3B antibody is highly specific and rigorously validated by the provider for ChIP, IP, WB and IF.
https://www.cellsignal.com/products/primary-antibodies/dnmt3b-e4i4o-rabbit-mab-mouse-specific/48488

The rabbit anti-RYBP antibody has been validated for use in WB.
https://www.merckmillipore.com/DE/de/product/Anti-DEDAF-Antibody, MM_NF-AB3637?ReferrerURL=https%3A%2F%
2Fwww.google.com%2F

The rabbit anti-Suz12 antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
https://www.cellsignal.com/products/primary-antibodies/suz12-d39f6-xp-rabbit-mab/3737

The mouse anti-Tubulin antibody has been validated for WB and IF.
https://www.scbt.com/p/alpha-tubulin-antibody-dmla?productCanUrl=alpha-tubulin-antibody-dm1a&_requestid=1049815

The rabbit anti-H3K4me3 antibody has been validated for WB, ChIP, DB, Mplex and ChIP-seq.
https://www.merckmillipore.com/DE/de/product/Anti-trimethyl-Histone-H3-Lys4-Antibody-clone-MC315-rabbit-
monoclonal, MM_NF-04-745

The rabbit anti-H3K27me3 (Thermo Fisher) antibody has been extensively validated for specificity using SNAP-ChIP™ spike-in and
peptide array.
https://www.thermofisher.com/antibody/product/H3K27me3-Antibody-clone-G-299-10-Monoclonal/MA5-11198
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The rabbit anti-EED (abcam, #ab240650) antibody has been validated in WB, ChIP-seq and IP. This antibody is additionally knockout
validated.
https://www.abcam.com/eed-antibody-epr23043-5-chip-grade-ab240650.html
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Trophoblast Stem Cell (TSC) lines were derived from CD-1 strain blastocysts. Pronuclei Stage 3 (PN3) zygotes were isolated
from natural mating of CD-1 strain mice (Charles river). More detailed info is provided in Methods under: “Derivation of
Trophoblast stem cells”.
V6.5 mouse embryonic stem cell line (mESCs), source: Konrad Hochedlinger lab

Authentication The identity of V6.5 mESCs and mTSCs including all cell lines derived from them have been validated using morphological
characteristics, immunofluorescence, marker gene expression (RNAseq), but have not been authenticated. Knockout cell
lines were validated by genotyping, western blotting, Sanger sequencing and next generation sequencing (RNAseq/RRBS/
WGBS).

Mycoplasma contamination All cell lines are negative for mycoplasma contamination and were regularly tested throughout the study.

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

Animals and other organisms

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

Laboratory animals CD-1 strain Mus musculus domesticus animals (male and female) were used to generate blastocysts for TSC derivation.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight All research described here complies with the relevant ethical regulations at the respective institutions. Work at the Max Planck
Institute was approved by the LAGESO.

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

ChlIP-seq

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

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

Data access links Datasets generated in this study have been deposited in the Gene Expression Omnibus under accession number GSE166362.
May remain private before publication.

Files in database submission MINUTE_ESC_WT_H2AK119ub1_Pooll_Repl_R1.fastq.gz MINUTE_ESC_WT_H2AK119ubl_Pooll_Repl_R2.fastq.gz
MINUTE_ESC_WT_H2AK119ub1_Pooll_Rep2_R1.fastq.gz MINUTE_ESC_WT_H2AK119ubl_Pooll_Rep2_ R2.fastq.gz
MINUTE_ESC_WT_H2AK119ub1_Pool1l_Rep3_R1.fastq.gz MINUTE_ESC_WT_H2AK119ubl_Pooll_Rep3_R2.fastq.gz
MINUTE_ESC_WT_H3K27me3_Pooll_Repl_R1.fastq.gz MINUTE_ESC_WT_H3K27me3_Pooll_Repl_R2.fastq.gz
MINUTE_ESC_WT_H3K27me3_Pooll_Rep2_R1.fastq.gz MINUTE_ESC_WT_H3K27me3_Pooll_Rep2_R2.fastq.gz
MINUTE_ESC_WT_H3K27me3_Pooll_Rep3_R1.fastq.gz MINUTE_ESC_WT_H3K27me3_Pooll_Rep3_R2.fastq.gz
MINUTE_ESC_WT_H3K4me3_Pooll_Repl_R1.fastq.gz MINUTE_ESC_WT_H3K4me3_Pooll_Repl_R2.fastq.gz
MINUTE_ESC_WT_H3K4me3_Pooll_Rep2_R1.fastq.gz MINUTE_ESC_WT_H3K4me3_Pooll_Rep2_R2.fastq.gz
MINUTE_ESC_WT_H3K4me3_Pooll_Rep3_R1.fastq.gz MINUTE_ESC_WT_H3K4me3_Pooll_Rep3_R2.fastq.gz
MINUTE_ESC_WT_Input_Pooll_Rep1_R1.fastq.gz MINUTE_ESC_WT_Input_Pool1_Repl_R2.fastq.gz
MINUTE_ESC_WT_Input_Pooll_Rep2_R1.fastq.gz MINUTE_ESC_WT_Input_Pooll_Rep2_R2.fastq.gz
MINUTE_ESC_WT_Input_Pooll_Rep3_R1.fastq.gz MINUTE_ESC_WT_Input_Pooll_Rep3_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2_Repl_R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2_Repl_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl_Pool2_Rep2 R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2_Rep2_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2_Rep3_R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H2AK119ubl_Pool2_Rep3_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Repl_R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Repl_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep2_R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep2_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep3_R1.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep3_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Repl_R1.fastq.gz MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Repl R2.fastq.gz
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MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep2_R1.fastq.gz MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep2_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep3_R1.fastq.gz MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep3_R2.fastq.gz
MINUTE_TSC1_KDM2BKO_Input_Pool2_Repl_R1.fastq.gz MINUTE_TSC1_KDM2BKO_Input_Pool2_Repl_R2.fastq.gz
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MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Repl RPGC_mm10_scaled.bw
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Rep2_RPGC_mm10_scaled.bw
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Rep3_RPGC_mm10_scaled.bw
MINUTE_TSC3_EEDKO_Input_Pool2_Repl_ RPGC_mm10_unscaled.bw
MINUTE_TSC3_EEDKO_Input_Pool2_Rep2_RPGC_mm10_unscaled.bw
MINUTE_TSC3_EEDKO_Input_Pool2_Rep3_RPGC_mm10_unscaled.bw
MINUTE_ESC_WT_H2AK119ubl_Pooll_merged_mm10_scaled.bw
MINUTE_ESC_WT_H3K27me3_Pooll_merged_mm10_scaled.bw
MINUTE_ESC_WT_H3K4me3_Pooll_merged_mm10_scaled.bw
MINUTE_ESC_WT_Input_Pooll_merged_RPGC_mm10_unscaled.bw
MINUTE_TSC1_KDM2BKO_H2AK119ub1_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_KDM2BKO_Input_Pool2_merged_RPGC_mm10_unscaled.bw
MINUTE_TSC1_RNF2KO_H2AK119ubl_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_RNF2KO_H3K27me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_RNF2KO_H3K4me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_RNF2KO_Input_Pool2_merged_RPGC_mm10_unscaled.bw
MINUTE_TSC1_WT_EZH2i_5w_recovery_4w_H2AK119ubl_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_EZH2i_5w_recovery_4w_H3K27me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_EZH2i_5w_recovery_4w_H3K4me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_EZH2i_5w_recovery_4w_Input_Pool2_merged_RPGC_mm10_unscaled.bw
MINUTE_TSC1_WT_H2AK119ub1_Pooll_merged_mm10_scaled.bw
MINUTE_TSC1_WT_H2AK119ub1_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_H3K27me3_Pooll_merged_mm10_scaled.bw
MINUTE_TSC1_WT_H3K27me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_H3K4me3_Pooll_merged_mm10_scaled.bw
MINUTE_TSC1_WT_H3K4me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC1_WT_Input_Pooll_merged RPGC_mm10_unscaled.bw
MINUTE_TSC1_WT_Input_Pool2_merged_RPGC_mm10_unscaled.bw

MINUTE_TSC2_3BKO_H2AK119ub1 Pooll_merged_mm10_scaled.bw
MINUTE_TSC2_3BKO_H3K27me3_Pooll_merged_mm10_scaled.bw
MINUTE_TSC2_3BKO_H3K4me3_Pooll_merged_mm10_scaled.bw
MINUTE_TSC2_3BKO_Input_Pooll_merged_RPGC_mm10_unscaled.bw
MINUTE_TSC3_EEDKO_H2AK119ub1_Pool2_merged_mm10_scaled.bw
MINUTE_TSC3_EEDKO_H3K27me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_merged_mm10_scaled.bw
MINUTE_TSC3_EEDKO_Input_Pool2_merged_RPGC_mm10_unscaled.bw
ChlIP-BS-seq_ESC_WT_H3K27me3_Input_Repl_R1.fastq.gz ChIP-BS-seq_ESC_WT_H3K27me3_Input_Repl_R2.fastq.gz
ChlIP-BS-seq_ESC_WT_H3K27me3_Input_Rep2_R1.fastq.gz ChIP-BS-seq_ESC_WT_H3K27me3_Input_Rep2_R2.fastq.gz
ChIP-BS-seq_ESC_WT_H3K27me3_Repl_R1.fastq.gz ChIP-BS-seq_ESC_WT_H3K27me3_Repl_R2.fastq.gz
ChIP-BS-seq_ESC_WT_H3K27me3_Rep2_R1.fastq.gz ChIP-BS-seq_ESC_WT_H3K27me3_Rep2_R2.fastq.gz
ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Repl_R1.fastq.gz ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Repl_ R2.fastq.gz
ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Rep2_R1.fastq.gz ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Rep2_R2.fastq.gz
ChIP-BS-seq_TSC1_WT_H3K27me3_Repl_R1.fastq.gz ChIP-BS-seq_TSC1_WT_H3K27me3_Repl_R2.fastq.gz
ChIP-BS-seq_TSC1_WT_H3K27me3_Rep2_R1.fastq.gz ChIP-BS-seq_TSC1_WT_H3K27me3_Rep2_R2.fastq.gz
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ChIPseq_ESC_WT_EED_Input_Repl_R1.fastq.gz ChIPseq_ESC_WT_EED_Input_Repl_ R2.fastq.gz
ChIPseq_ESC_WT_EED_Input_Rep2_R1.fastq.gz ChIPseq_ESC_WT_EED_Input_Rep2_R2.fastq.gz
ChIPseq_ESC_WT_EED_Repl_R1.fastq.gz ChiPseq_ESC_WT_EED_Repl_R2.fastq.gz
ChIPseq_ESC_WT_EED_Rep2_R1.fastq.gz ChiPseq_ESC_WT_EED_Rep2_R2.fastq.gz
ChIPseq_TSC1_WT_EED_Input_Repl_R1.fastq.gz ChiPseq_TSC1_WT_EED_Input_Repl_R2.fastq.gz
ChIPseq_TSC1_WT_EED_Input_Rep2_R1.fastq.gz ChiPseq_TSC1_WT_EED_Input_Rep2_R2.fastq.gz
ChIPseq_TSC1_WT_EED_Repl_R1.fastq.gz ChIPseq_TSC1_WT_EED_Repl R2.fastq.gz
ChIPseq_TSC1_WT_EED_Rep2_R1.fastq.gz ChIPseq_TSC1_WT_EED_Rep2_R2.fastq.gz
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Input_R1.fastq.gz ChiPseq_TSC1_WT_EZH2i_5w_4d_EED_Input_R2.fastq.gz
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Repl R1.fastq.gz ChIPseq _TSC1_WT_EZH2i 5w_4d_EED_Repl_R2.fastq.gz
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Rep2_R1.fastq.gz ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Rep2_R2.fastq.gz
ChlIP-BS-seq_ESC_WT_H3K27me3_Input_Repl RPGC_mm10.bw
ChlIP-BS-seq_ESC_WT_H3K27me3_Input_Rep2_RPGC_mm10.bw
ChlIP-BS-seq_ESC_WT_H3K27me3_Repl_ RPGC_mm10_input_subtracted.bw
ChlIP-BS-seq_ESC_WT_H3K27me3_Rep2_RPGC_mm10_input_subtracted.bw
ChlIP-BS-seq_ESC_WT_H3K27me3_merged_RPGC_mm10_input_subtracted.bw
ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Repl RPGC_mm10.bw
ChIP-BS-seq_TSC1_WT_H3K27me3_Input_Rep2_RPGC_mm10.bw
ChIP-BS-seq_TSC1_WT_H3K27me3_Repl RPGC_mm10_input_subtracted.bw
ChlIP-BS-seq_TSC1_WT_H3K27me3_Rep2_RPGC_mm10_input_subtracted.bw
ChIP-BS-seq_TSC1_WT_H3K27me3_merged_RPGC_mm10_input_subtracted.bw
ChIPseq_ESC_WT_EED_Input_Repl RPGC_mm10.bw
ChIPseq_ESC_WT_EED_Input_Rep2_RPGC_mm10.bw

ChIPseq_ESC_WT_EED_Repl_ RPGC_mm10_input_subtracted.bw
ChIPseq_ESC_WT_EED_Rep2_RPGC_mm10_input_subtracted.bw
ChIPseq_ESC_WT_EED_merged_RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EED_Input_Repl_ RPGC_mm10.bw
ChIPseq_TSC1_WT_EED_Input_Rep2_RPGC_mm10.bw

ChIPseq_TSC1_WT_EED_Repl RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EED_Rep2_RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EED_merged_RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Input_RPGC_mm10.bw
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Repl RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_Rep2 RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_merged_RPGC_mm10_input_subtracted.bw
ChIPseq_TSC1_WT_EED_merged_peaks_broad_mm10.bed
ChIPseq_TSC1_WT_EZH2i_5w_4d_EED_merged_peaks_broad_mm10.bed
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Genome browser session No longer applicable.
(e.g. UCSC)
Methodology
Replicates MINUTE-ChIP experiments were performed in triplicates. ChIP-BS-seq and EED ChIP-seq experiments were performed in duplicates.
Sequencing depth All MINUTE-ChIP, ChIP-BS-seq and ChIP-seq samples were sequenced using 100 bp paired-end reads.

Sample - Number of reads - Number of reads aligned
MINUTE_ESC_WT_H2AK119ubl_Pooll_merged 141845280 101941533
MINUTE_ESC_WT_H2AK119ubl Pooll Repl 50065548 36684163
MINUTE_ESC_WT_H2AK119ubl Pooll Rep2 41595303 30350659
MINUTE_ESC_WT_H2AK119ubl Pooll Rep3 50184429 34906711
MINUTE_TSC2_3BKO_H2AK119ubl Pooll_merged 243588532 168567006
MINUTE_TSC2_3BKO_H2AK119ubl Pooll_Repl 80878090 55134033
MINUTE_TSC2_3BKO_H2AK119ubl Pooll Rep2 113100219 78952552
MINUTE_TSC2_3BKO_H2AK119ubl Pooll Rep3 49610223 34480421
MINUTE_TSC1_WT_H2AK119ubl_Pooll_merged 211698526 138859385
MINUTE_TSC1_WT_H2AK119ubl_Pooll_Repl 78924631 53817493
MINUTE_TSC1_WT_H2AK119ubl_Pooll_Rep2 52123133 32688503
MINUTE_TSC1_WT_H2AK119ubl_Pooll_Rep3 80650762 52353389
MINUTE_ESC_WT_Input_Pooll_merged 343753429 151525584
MINUTE_ESC_WT _Input_Pooll_Repl 102646276 54188917
MINUTE_ESC_WT _Input_Pooll_Rep2 118151325 43566752
MINUTE_ESC_WT _Input_Pooll_Rep3 122955828 53769915
MINUTE_TSC2_3BKO_Input_Pooll_merged 355408705 172183271
MINUTE_TSC2_3BKO_Input_Pooll_Repl 99916131 53923869
MINUTE_TSC2_3BKO_Input_Pooll_Rep2 144545605 81663723
MINUTE_TSC2_3BKO_Input_Pooll_Rep3 110946969 36595679
MINUTE_TSC1_WT_Input_Pooll_merged 596699276 208711190
MINUTE_TSC1_WT_Input_Pooll_Repl 273763826 88273170
MINUTE_TSC1_WT_Input_Pooll_Rep2 145001817 46244776
MINUTE_TSC1_WT_Input_Pooll_Rep3 177933633 74193244
MINUTE_ESC_WT_H3K27me3_Pooll_merged 32719139 19339355
MINUTE_ESC_WT_H3K27me3_Pooll_Repl 11262487 7003712
MINUTE_ESC_WT_H3K27me3_Pooll_Rep2 8720460 5328786
MINUTE_ESC_WT_H3K27me3_Pooll_Rep3 12736192 7006857
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MINUTE_TSC2_3BKO_H3K27me3_Pooll_merged 233603994 157500268
MINUTE_TSC2_3BKO_H3K27me3_Pooll_Repl 76548171 50633401
MINUTE_TSC2_3BKO_H3K27me3_Pooll_Rep2 105486623 71866746
MINUTE_TSC2_3BKO_H3K27me3_Pooll_Rep3 51569200 35000121

MINUTE_TSC1_WT _H3K27me3_Pooll_merged 238672876 158569921
MINUTE_TSC1_WT_H3K27me3_Pooll_Repl 87076293 60105343
MINUTE_TSC1_WT_H3K27me3_Pooll Rep2 63859004 40560155
MINUTE_TSC1_WT_H3K27me3_Pooll_Rep3 87737579 57904423

MINUTE_ESC_WT H3K4me3_Pooll_merged 186788627 148862331

MINUTE_ESC_WT H3K4me3_Pooll Repl 67127140 55120682

MINUTE_ESC_WT H3K4me3_Pooll_Rep2 51277688 39859044

MINUTE_ESC_WT H3K4me3_Pooll_Rep3 68383799 53882605
MINUTE_TSC2_3BKO_H3K4me3_Pooll_merged 215014259 156808573
MINUTE_TSC2_3BKO_H3K4me3_Pooll Repl 68458242 50269827
MINUTE_TSC2_3BKO_H3K4me3_Pooll Rep2 96640512 71477965
MINUTE_TSC2_3BKO_H3K4me3_Pooll Rep3 49915505 35060781

MINUTE_TSC1_WT H3K4me3_Pooll merged 275362302 191912576

MINUTE_TSC1_WT H3K4me3_Pooll Repl 111144193 79228100
MINUTE_TSC1_WT_H3K4me3_Pooll Rep2 68590298 44988541
MINUTE_TSC1_WT_H3K4me3_Pooll Rep3 95627811 67695935

MINUTE_TSC1_WT EZH2i_5w_recovery 4w _H2AK119ubl Pool2_merged 168298808 90733792
MINUTE_TSC1_WT EZH2i_5w_recovery 4w _H2AK119ubl Pool2 Repl 57427876 31694730
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w _H2AK119ubl Pool2 Rep2 59219965 30329923
MINUTE_TSC1_WT EZH2i_5w_recovery 4w _H2AK119ubl Pool2 Rep3 51650967 28709139
MINUTE_TSC1_WT_H2AK119ubl Pool2 merged 213901307 106497392
MINUTE_TSC1_WT H2AK119ubl Pool2 Repl 65674827 34936402
MINUTE_TSC1_WT_H2AK119ubl Pool2 Rep2 40497725 20878610
MINUTE_TSC1_WT_H2AK119ubl Pool2 Rep3 107728755 50682380
MINUTE_TSC3_EEDKO_H2AK119ubl Pool2_merged 218043557 126532156
MINUTE_TSC3_EEDKO_H2AK119ubl Pool2 Repl 73153206 44177404
MINUTE_TSC3_EEDKO_H2AK119ubl Pool2 Rep2 60947244 34445412
MINUTE_TSC3_EEDKO_H2AK119ubl Pool2_Rep3 83943107 47909340
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2_merged 153309045 89700547
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2 Repl 56510675 34377032
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2 Rep2 42440202 23235706
MINUTE_TSC1_KDM2BKO_H2AK119ubl Pool2 Rep3 54358168 32087809
MINUTE_TSC1_RNF2KO_H2AK119ubl Pool2_merged 75530458 42988929
MINUTE_TSC1_RNF2KO_H2AK119ubl Pool2 Repl 19802076 10471992
MINUTE_TSC1_RNF2KO_H2AK119ubl Pool2 Rep2 29662427 17982267
MINUTE_TSC1_RNF2KO_H2AK119ubl Pool2 Rep3 26065955 14534670
MINUTE_TSC1_WT_Input_Pool2_merged 328722233 132495967

MINUTE_TSC1_WT Input_Pool2_Repl 100487642 46157234
MINUTE_TSC1_WT_Input_Pool2_Rep2 90249694 26241606

MINUTE_TSC1_WT Input_Pool2_Rep3 137984897 60097127
MINUTE_TSC3_EEDKO_Input_Pool2_merged 296078609 119642065
MINUTE_TSC3_EEDKO_Input_Pool2_Repl 87229727 41504715
MINUTE_TSC3_EEDKO_Input_Pool2_Rep2 99055499 31977906
MINUTE_TSC3_EEDKO_Input_Pool2_Rep3 109793383 46159444
MINUTE_TSC1_WT _EZH2i _5w_recovery 4w _Input_Pool2_merged 364789499 139552924
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w _Input_Pool2 Repl 124130256 47985369
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w _Input_Pool2 Rep2 128732348 49841001
MINUTE_TSC1_WT_EZH2i_5w_recovery 4w _Input_Pool2 Rep3 111926895 41726554
MINUTE_TSC1_KDM2BKO_Input_Pool2_merged 390301863 168868264
MINUTE_TSC1_KDM2BKO_Input_Pool2_Repl 160768318 67200838
MINUTE_TSC1_KDM2BKO_Input_Pool2_Rep2 108897239 42000159
MINUTE_TSC1_KDM2BKO_Input_Pool2_Rep3 120636306 59667267
MINUTE_TSC1_RNF2KO_Input_Pool2_merged 272464823 121777220
MINUTE_TSC1_RNF2KO_Input_Pool2_Repl 62685809 30861253
MINUTE_TSC1_RNF2KO_Input_Pool2_Rep2 92580072 49249174
MINUTE_TSC1_RNF2KO_Input_Pool2_Rep3 117198942 41666793

MINUTE_TSC1_WT EZH2i_5w_recovery 4w_H3K27me3_Pool2_merged 236356961 130738765
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K27me3_Pool2_Repl 73809591 41069794
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K27me3_Pool2_Rep2 88303582 46927267
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K27me3_Pool2 Rep3 74243788 42741704
MINUTE_TSC1_WT_H3K27me3_Pool2_merged 245067144 123141814
MINUTE_TSC1_WT_H3K27me3_Pool2_Repl 73096464 39140708
MINUTE_TSC1_WT_H3K27me3_Pool2_Rep2 48309268 25453463
MINUTE_TSC1_WT_H3K27me3_Pool2_Rep3 123661412 58547643
MINUTE_TSC3_EEDKO_H3K27me3_Pool2_merged 34483059 14090270
MINUTE_TSC3_EEDKO_H3K27me3_Pool2_Repl 10833672 4652161
MINUTE_TSC3_EEDKO_H3K27me3_Pool2_Rep2 8603252 3401434
MINUTE_TSC3_EEDKO_H3K27me3_Pool2_Rep3 15046135 6036675
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_merged 165233328 98350986
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Repl 59795267 36638260
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep2 46351310 25983293
MINUTE_TSC1_KDM2BKO_H3K27me3_Pool2_Rep3 59086751 35729433
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Antibodies

Peak calling parameters

Data quality

Software

MINUTE_TSC1_RNF2KO_H3K27me3_Pool2_merged 128076569 77314618
MINUTE_TSC1_RNF2KO_H3K27me3_Pool2_Repl 30589049 17320342
MINUTE_TSC1_RNF2KO_H3K27me3_Pool2_Rep2 50906169 32635015
MINUTE_TSC1_RNF2KO_H3K27me3_Pool2_Rep3 46581351 27359261
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w H3K4me3_Pool2_merged 226774674 128311244
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K4me3_Pool2_Repl 78229362 43866195
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K4me3_Pool2_ Rep2 77863358 43801880
MINUTE_TSC1_WT _EZH2i_5w_recovery 4w_H3K4me3_Pool2_Rep3 70681954 40643169
MINUTE_TSC1_WT H3K4me3_Pool2_merged 266836087 139662202
MINUTE_TSC1_WT_H3K4me3_Pool2_Repl 81635204 45806411
MINUTE_TSC1_WT H3K4me3_Pool2_Rep2 52228585 27050950
MINUTE_TSC1_WT _H3K4me3_Pool2_Rep3 132972298 66804841
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_merged 175443574 100432930
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Repl 59024385 35500868
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Rep2 47322664 25918081
MINUTE_TSC3_EEDKO_H3K4me3_Pool2_Rep3 69096525 39013981
MINUTE_TSC1_KDM2BKO_H3K4me3_ Pool2_merged 255355318 160441580
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Repl 99107491 63055348
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep2 66902809 39917029
MINUTE_TSC1_KDM2BKO_H3K4me3_Pool2_Rep3 89345018 57469203
MINUTE_TSC1_RNF2KO_H3K4me3_Pool2_merged 149092308 99126770
MINUTE_TSC1_RNF2KO_H3K4me3_Pool2_Repl 37149959 23977642
MINUTE_TSC1_RNF2KO_H3K4me3 Pool2_Rep2 58733615 40704248
MINUTE_TSC1_RNF2KO_H3K4me3_Pool2_Rep3 53208734 34444880
ChIP-BS-seq_ESC_WT_H3K27me3_Repl 164101626 140738559
ChIP-BS-seq_ESC_WT H3K27me3_Input_Repl 203837836 171835894
ChIP-BS-seq_ESC_WT_H3K27me3_Rep2 130882570 111365421
ChIP-BS-seq_ESC_WT H3K27me3_Input_Rep2 150804558 126779101
ChIP-BS-seq_TSC1_WT H3K27me3_Repl 151500914 130089160
ChIP-BS-seq_TSC1_WT H3K27me3_Input_Repl 135742638 108544707
ChIP-BS-seq_TSC1_WT H3K27me3_Rep2 133212844 116169501
ChIP-BS-seq_TSC1_WT H3K27me3_Input_Rep2 138307810 113594936
ChiPseq ESC_WT EED Repl 110872064 109275287

ChiPseq ESC_WT EED_Input_Repl 176371316 173280612
ChiPseq_ESC_WT EED_Rep2 95414054 93546165

ChiPseq ESC_WT EED_Input_Rep2 113403308 112652634
ChiPseq TSC1 WT EED_Repl 138446050 136848653

ChiPseq TSC1 WT EED_Input_Repl 131513134 129550215

ChiPseq TSC1_WT_EED_Rep2 106175636 104559800

ChiPseq TSC1 WT_EED_Input_Rep2 101350538 100553303

ChiPseq TSC1 WT_EZH2i_5w_4d_EED_Repl 134135868 132238906
ChiPseq TSC1 WT EZH2i_5w_4d_EED_Rep2 136643690 134987043
ChiPseq_TSC1 WT_EZH2i 5w _4d_EED_Input 94794548 94117771

MINUTE-ChIP:

Rabbit anti-H3K4me3: Millipore, #04-745, clone: MC315
Rabbit anti-H3K27me3: Cell Signaling, #9733, clone: C36B11
Rabbit anti-H2AK119ub: Cell Signaling, #8240, clone: D27C4

ChIP-BS-seq:
Rabbit anti-H3K27me3: Thermo Fisher, MA5-11198, lot: WH3366172

ChlIP-seq:
Rabbit anti-EED: ab240650, EPR23043-5, lot: GR3427609-2

Peaks for EED ChIPs were called using MACS2 ‘callpeak’ (version 2.1.2; parameters --bdg --SPMR --broad) based on merged replicates
using the input samples as control samples and only peaks with a g-value < 0.01 were considered for downstream analyses. No peak
calling was performed for MINUTE-ChIP data generated within this study. Instead the scaled RPGC values were used to calculate the
average intensity across CpG islands or one kb tiles. The tracks were generated as described below (Software).

FastQC was run on all FASTQ files to assess general sequencing quality. Picard was used to determine insert size distribution,
duplication rate, estimated library size. Mapping stats were generated from BAM files using samtools idxstats and flagstat
commands. Final reports with all the statistics generated throughout the pipeline execution are gathered with MultiQC.

For EED ChIP-seq samples, peaks were called on the merged replicates. For WT TSCs 19,775 broad peaks were called with an FDR <
0.01. For WT TSCs treated with EZH2i 7,553 broad peaks were called with an FDR < 0.01.

MINUTE-ChIP processing:

MINUTE-ChIP multiplexed FASTQ files were processed using minute, a workflow implemented in Snakemake. In order to ensure
reproducibility, a conda environment was set up. Source code and documentation are fully available on GitHub: https://github.com/
NBISweden/minute. Main steps performed are described below.

Adaptor removal: Read pairs matching parts of the adaptor sequence (SBS3 or T7 promoter) in either read1 or read2 were removed
using cutadapt v3.2.
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Flow Cytometry

Demultiplexing and deduplication: Reads were demultiplexed using cutadapt v3.2 allowing only one mismatch per barcode and
written into sample-specific FASTQ files used for subsequent mapping.

Mapping: Sample-specific paired FASTQ files were mapped to the reference mm10 using bowtie2 v2.3.5.1 with --fast and --reorder
parameter. Alignments were processed into sorted BAM files and replicates were pooled using samtools v1.10.

Deduplication: Duplicate reads are marked using UMI-sensitive deduplication tool je-suite (v2.0.RC) (https://github.com/gbcs-embl/
Je/). Read pairs are marked as duplicates if their read1 (first-in-pair) sequences have the same UMI (allowing for 1 mismatch) and
map to the same location in the genome. Blacklisted regions as downloaded from ENCODE were then removed from BAM files using
bedtools v2.30.

Generation of coverage tracks and quantitative scaling: Input coverage tracks with 1 bp resolution in bigWig format were generated
from BAM files using deepTools v3.5.0 bamCoverage and scaled to a reads-per-genome-coverage of one (1xRPGC, also referred to as
‘Ix normalization’) using the mm10 effective genome size. ChIP coverage tracks were generated from BAM files using deepTools
(v3.5.0) bamCoverage. Quantitative scaling of the ChIP-Seq tracks amongst conditions within each pool was based on their Input-
Normalized Mapped Read Count (INRC). INRC was calculated by dividing the number of unique reference-mapped reads by the
respective number of Input reads: #mapped[ChIP] / #mapped[Input]. This essentially corrects for an uneven representation of
barcodes in the Input. It has been previously shown that INRCs are proportional to the amount of epitope present in each condition.
Reference condition (TSC WT) was scaled to 1x coverage (also termed Reads per Genome Coverage, RPGC). All other conditions
within the same pool were scaled relative to the reference using the ratio of INRCs multiplied by the scaling factor determined for 1x
normalization of the reference: ( #mapped[ChIP] / #mapped[Input] ) / ( #mapped[ChIP_Reference] / #mapped[Input_Reference] ) *
scaling factor.

ChIP-BS-seq processing:

Raw reads of ESC and TSC H3K27me3 ChIP-BS-seq samples as well as their respective input samples were subjected to adapter and
quality trimming with cutadapt (version 2.4; parameters: --quality-cutoff 20 --overlap 5 --minimum-length 25 --adapter
AGATCGGAAGAGC -A AGATCGGAAGAGC). Reads were aligned to the mouse genome (mm10) using BSMAP (version 2.90;
parameters: -v 0.1 -s 16 -q 20 -w 100 -S 1 -u -R). A sorted BAM file was obtained and indexed using samtools with the ‘sort” and
‘index’ commands (version 1.10). Duplicate reads were identified and removed using GATK (version 4.1.4.1) ‘MarkDuplicates’ and
default parameters. After careful inspection and validation of high correlation, replicates of treatment and input samples were
merged respectively using samtools ‘merge’. Methylation rates were called using mcall from the MOABS package (version 1.3.2;
default parameters). All analyses were restricted to autosomes and only CpGs covered by at least 10 and at most 150 reads were
considered for downstream analyses. Genome-wide coverage tracks for single and merged replicates normalized by library size were
computed using deepTools bamCoverage (parameters: --normalizeUsing RPGC --extendReads --smoothLength 300). Coverage tracks
were subtracted by the respective input using deeptools ‘bigwigCompare’.

ChlIP-seq processing:

Raw reads of ESC and TSC EED and publicly available ESC H3K27me3 ChIP-seq samples as well as their respective input samples were
subjected to adapter and quality trimming with cutadapt (version 2.4; parameters: --quality-cutoff 20 --overlap 5 --minimum-length
25 --adapter AGATCGGAAGAGC -A AGATCGGAAGAGC). Reads were aligned to the mouse genome (mm10) using BWA with the ‘mem’
command (version 0.7.17, default parameters)61. A sorted BAM file was obtained and indexed using samtools with the ‘sort” and
‘index’ commands (version 1.10)66. Duplicate reads were identified and removed using GATK (version 4.1.4.1) ‘MarkDuplicates’ and
default parameters. After careful inspection and validation of high correlation, replicates of treatment and input samples were
merged respectively using samtools ‘merge’. Domains for public H3K27me3 ESC samples were called for each sample with its
respective input using peakranger ‘bcp’ (version 1.18) 67. Only regions called a domain in at least two of the samples were
considered for the final selection and merged using bedtools ‘mergeBed’ (parameters: -d 50). Retained regions smaller than 100 bp
were removed from the set. Peaks for EED ChIPs were called using MACS2 ‘callpeak’ (version 2.1.2; parameters --bdg --SPMR --broad)
based on merged replicates using the input samples as control samples and only peaks with a g-value < 0.01 were considered for
downstream analyses. Genome-wide coverage tracks for single and merged replicates normalized by library size were computed
using deepTools bamCoverage (parameters: --normalizeUsing RPGC --extendReads --smoothLength 300). Coverage tracks were
subtracted by the respective input using deeptools ‘bigwigCompare’.

Plots
Confirm that:

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).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cells were detached using Trypsin-EDTA 0.05 % for 10 minutes. Subsequently, trypsinization was stopped by addition of ESC/
TSC medium containing FBS and cells were dissociated to generate a single cell suspension. Cells were spun down, washed
once with PBS and passed through a FACS tube with cell strainer just before the sort with the flow cytometer

BD FACS Aria Il and BD FACS Fusion

FACS Diva (BD Biosciences) for collection and FlowJo (v1.07) for analysis
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Cell population abundance The overall cell population was calculated using forward and side-scatter patterns. The abundance of cells in a population is
represented as the normalized mode.

Gating strategy Gating for negative and positive population was determined with untreated or isotype controls.

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