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Abstract

Epigenetic inheritance of gene expression states enables a single genome to maintain
distinct cellular identities. How histone modifications contribute to this process remains
unclear. Using global chromatin perturbations and local, time-controlled modulation of
transcription, we establish the existence of epigenetic memory of transcriptional
activation for genes that can be silenced by the Polycomb group. This property emerges
during cell differentiation and allows genes to be stably switched following a transient
transcriptional stimulus. This transcriptional memory state at Polycomb targets
operates in cis; however, rather than relying solely on read-and-write propagation of
histone modifications, the memory is also linked to the strength of activating inputs
opposing Polycomb proteins and therefore varies with the cellular context. Our data and
computational simulations suggest a model whereby transcriptional memory arises
from double-negative feedback between Polycomb-mediated silencing and active
transcription. Transcriptional memory at Polycomb targets thus depends not only on
histone modifications but also on the gene-regulatory network and underlying identity

of a cell.



Introduction

Epigenetic memory, generally understood to designate a long-lived change in gene
expression in response to a short-lived signal, plays a critical role in ensuring the
stability of functionally specialized cell types. Epigenetic information can be transmitted
through cell divisions via cis- or trans-acting mechanisms 4. The persistence of
epigenetic memory in cis has been proposed to rely on semi-conservative read-and-
write mechanisms that faithfully copy covalent modifications to DNA and histones
concurrently with genome replication 1. While direct evidence indicates that DNA
methylation carries epigenetic information according to this logic 57, it has remained
controversial whether histone modifications can function similarly in the absence of
enabling mutations or short-interfering-RNA-driven feedbacks 8-14,

We examined this question using mammalian Polycomb group proteins as a
model. Polycomb proteins play a key role in silencing developmental genes outside of
their normal spatial domains of expression 1516, By extension from studies of Drosophila
and plants 1721, it is widely taken for granted that the Polycomb machinery mediates a
chromatin-based epigenetic memory of the silent state in mammals, but an unequivocal
test of this hypothesis has been lacking. Furthermore, if such a memory indeed exists,
there is much debate regarding its mechanistic basis. The Polycomb system is endowed
with the key properties required for a semi-conservative mode of epigenetic
propagation: histone H3 lysine 27 trimethylation (H3K27me3) catalyzed by Polycomb
Repressive Complex 2 (PRC2) is distributed in a semi-conservative pattern following
replication 22 and PRC2 activity is directly stimulated by H3K27me3 2324, However,
recent reports have shown that, outside of C. elegans 25, the mark is neither necessary 26-
28 nor sufficient 21129 to instruct its own propagation. We therefore sought to clarify
whether and how the Polycomb machinery might confer epigenetic memory of

transcriptional states in mammalian cells.



Results

Temporary disruption of PRC2 activity results in irreversible transcriptional
changes at many PRC2 target genes.

We reasoned that if Polycomb proteins were simply transcriptional repressors with no
role in transcriptional memory, then any changes arising from inhibition of their activity
would be fully reversed once that inhibition were lifted. Conversely, if Polycomb
proteins acted not only to repress transcription but also to maintain a memory of
transcription states, a temporary perturbation of their activity would be expected to
result in a permanent disruption of that memory. To test this idea we treated cultured
mouse neural progenitor cells (NPCs) with two mechanistically orthogonal
pharmacological inhibitors of PRC2 3031 for 15 population doublings (14 days) until
H3K27me3 became undetectable, and subsequently cultured the cells for 20 additional
population doublings (15 days) in the absence of inhibitors until global H3K27me3 was
fully recovered (Fig. 1a, Extended Data Fig. 1a-d and Extended Data Table 1). This
strategy allowed us to assess whether temporary disruption of PRC2 activity triggers
enduring changes in the transcriptome and in H3K27me3 localization. Importantly,
temporary PRC2 inhibition did not result in any major or lasting phenotypic changes in
NPC clonal growth, cell cycle, apoptosis or differentiation capacity (Extended Data Fig.
le-i), and expression signatures of NPC markers were maintained (Extended Data Fig.
2a-c).

We first surveyed the overall landscape of H3K27me3 enrichment across the
genome. In agreement with recent studies of mouse embryonic stem cells (mESCs) 26-28,
we found that, with notable exceptions described further below, PRC2 could re-establish
H3K27me3 patterns de novo with high fidelity genome-wide in NPCs (Fig. 1b and
Extended Data Fig. 2d), indicating that the information provided by the position of pre-

existing H3K27me3 is largely dispensable for proper localization of PRC2 activity.



A contrast emerged between NPCs and mESCs, however, when we specifically
examined transcriptional changes at putative direct PRC2 target genes, defined by the
presence of a H3K27me3 peak at their transcription start site (TSS). Consistent with
previous work 3235, the majority of presumed PRC2 targets were not significantly
upregulated in the presence of PRC2 inhibitors (Extended Data Fig. 3a). We found by
examining ATAC-seq experiments previously conducted on the same clone of NPCs 36
that the genes that do go on to become de-repressed upon inhibitor treatment tend to
possess more highly accessible chromatin around their TSS (Extended Data Fig. 3b),
suggesting that they might be poised to become activated by transcriptional activators.
Among these 305 upregulated target genes in NPCs, we observed two distinct
responses: genes that returned to a repressed state upon inhibitor washout (reversible),
and genes that remained expressed on a permanent basis (irreversible), which was
accompanied by incomplete recovery of local H3K27me3 (Fig. 1c-e, and Extended Data
Fig. 2e). These irreversible PRC2 targets attest to the existence of an epigenetic
transcriptional switch insofar as their active expression state far outlasts the initial
causative event and is stable through many cell cycles. The widespread occurrence of
such a memory of active transcription at PRC2-regulated genes in NPCs differs sharply
from what we observed in mESCs that we subjected to the same procedure, in which
changes in gene expression at H3K27me3-positive genes (identified using recently
published ChIP-seq data 26) were entirely reversed upon PRC2 inhibitor washout (Fig. 1f
and Extended Data Fig. 3a,c,d), consistent with an earlier report 26.

In order to determine whether transcriptional memory of Polycomb target genes
is a specific feature of NPCs or whether it is also present in other differentiated cell
types, we analyzed two independently derived lines of immortalized mouse embryonic
fibroblasts (iMEFs “A” and “B”). While iMEF B cells underwent the same PRC2 inhibition
and washout treatment as the NPCs and mESCs (Extended Data Fig. 3e), we also

separately deleted and subsequently re-introduced EzhZ2 in both iMEF A and B. ATAC-



seq performed on iMEF A cells again revealed a higher degree of chromatin accessibility
near the TSS of those H3K27me3-marked genes that would become de-repressed once
PRC2 was disrupted (Extended Data Fig. 3a,b). In both iMEF lines we once again found
numerous genes subject to epigenetic switching, in proportions comparable to those
observed in NPCs (Fig. 1f and Extended Data Fig. 3f-h; 34). Similarly to reversible genes
and to H3K27me3-positive genes overall, irreversible genes are enriched for
development-related gene ontologies across the three cell lines (Extended Data Fig. 4).
Many of these genes encode transcription factors (TFs) known to act as key cell fate
regulators. Correspondingly, when we assessed changes in chromatin accessibility
between wild-type and Ezh2-rescue iMEF A cells, we could identify 310 ATAC-seq peaks
that are gained irreversibly, and among the motifs determined to be significantly
enriched in these regions we found a number of recognition sites for TFs encoded by
irreversibly switched loci, including Hox genes (Extended Data Fig. 5a-c and Extended
Data Table 2). Interestingly, we found several instances of genes that were repressed in
one iMEF cell line while active in the other, and which, upon release of PRC2-mediated
repression, reached comparable transcript levels in both cell lines (Extended Data Fig.
6a). This similarity in transcript abundance suggests that the epigenetic switch in
expression states resulting from transient loss of PRC2 is of a biologically relevant
magnitude. Altogether, these observations suggest that transcriptional memory of
activation is a widespread developmental feature of PRC2 target genes that is absent
from pluripotent stem cells and emerges during cell differentiation.

We also noticed individual genes that exhibited distinct reversible and
irreversible responses to transient disruption of PRC2 activity in different cell lines.
While certain targets displayed a lasting memory of activation in both iMEF A and iMEF
B (e.g., Hoxb6), others behaved irreversibly in one iMEF line but were either reversible
(e.g, Axin2) or simply unresponsive to EzhZ2 deletion (e.g., Lin28b) in the other

(Extended Data Fig. 6b). These results indicate that the ability of specific PRC2 target



genes to exhibit transcriptional memory of activation is not an intrinsic property of
those genes but rather depends on elements of the cellular context such as cell-type-
specific activating or repressive TFs. Since cultured fibroblasts are known to retain a
positional memory of their site of origin in the organism 37, these differential
manifestations of transcriptional memory may reflect features of the anatomical regions
from which they were initially isolated.

Taken together, these data indicate that epigenetic memory for PRC2 target
genes does not solely rely on a read-and-write mechanism involving the H3K27me3
mark. Indeed, in such a scenario any locus losing H3K27me3 even temporarily should
remain perpetually released from PRC2 targeting, a prediction refuted by the general
dispensability of H3K27me3 for de novo localization of PRC2 activity (Fig. 1b; 26-28), by
the existence of reversible genes and by the variable susceptibility of individual genes to
epigenetic memory depending on the cellular context. We infer from these observations
that read-and-write dynamics alone cannot account for the memory of transcriptional

states at PRC2 target genes, and that additional principles must also contribute.

Epigenetic memory at PRC2 target genes is associated with a mutual antagonism
between PRC2 activity and transcriptional inputs.

To further elucidate the determinants of heritable activation of PRC2 targets, we
examined all individual cases of genes that were de-repressed reversibly in one cell line
and irreversibly in another. Strikingly, transcript levels measured by RNA-seq under
conditions of PRC2 disruption were significantly higher in the cell line in which they
responded irreversibly (Fig. 2a,b). We then conducted comparisons between the full
categories of reversible and irreversible targets within each cell line. We found that,
upon disruption of PRC2, irreversible gene transcript levels were again significantly
higher than those of their reversible counterparts, a trend that held true in every cell

line analyzed (Fig. 2c).



In order to investigate whether these higher messenger RNA levels might reflect
a more active transcriptional regime, we carried out genome-wide analysis of nascent
transcription, chromatin accessibility and profiles of RNA polymerase II (RNA Pol II) and
the transcription-coupled modifications H3K4me3 and H3K36me3 in Ezh2 KO iMEF A
cells. We also mapped genome-wide patterns of DNA methylation, a modification whose
de novo deposition is known to be targeted to the bodies of transcribed genes 38. While
there was no significant difference between reversible and irreversible genes for
chromatin accessibility, RNA Pol II or H3K4me3, a mark deposited at active or poised
promoters, we found that H3K36me3, which is associated with transcriptional
elongation, was much more enriched over irreversible genes than over reversible genes,
and this was accompanied by higher levels of nascent transcripts and gene body DNA
methylation (Fig. 2d and Extended Data Fig. 7a,b). There was a notable correlation
between H3K36me3 enrichment and DNA methylation over individual genes, consistent
with a common co-transcriptional origin for these marks and with their reported
functional crosstalk 3839 (Extended Data Fig. 7c).

Collectively, these observations suggest that transcriptional memory at PRC2
target genes may result from high transcriptional activation inputs that prevent re-
establishment of PRC2-mediated silencing. In keeping with this idea, while Polycomb
proteins inhibit transcription, active transcription is conversely known to antagonize
Polycomb activity 4041, possibly through H3K27 demethylation 4243 and acetylation 4445,
nucleosome exchange 4647, the ability of nascent RNA to impede PRC2 association with
chromatin 4849 and through the deposition of histone marks such as H3K4me3 and
H3K36me3 that inhibit PRC2 catalytic activity 5051 The association we have uncovered
between epigenetic switching behavior and the strength of transcriptional activation
that Polycomb proteins must counteract therefore suggests that transcriptional memory
hinges in part on a dual negative feedback between Polycomb-mediated silencing and

active transcription.



A theoretical formalism we recently published predicted that this mutual
antagonism is an essential ingredient, together with H3K27 methylation read-and-write
feedbacks, for a bistable cis-acting memory of transcriptional states at PRC2 target
genes5253, Two key parameters in this model are the strength of transcriptional
activation, a, and the strength of local PRC2 activity, B. a is modulated by the factors
available in a given cell type to influence transcription of a target gene through binding
to promoter and enhancer elements. (3 varies according to the ability of the underlying
sequence to recruit PRC2 and facultative subunits that modulate its catalytic output, a
property linked to CpG islands for example 5456 (Fig. 3a). These two parameters are
postulated to vary among different PRC2 target genes and cell types. We therefore used
this model to perform computational simulations of our PRC2 disruption and rescue
experiments and asked whether this would produce behaviors similar to those
described above. The result, shown in Fig. 3b, indeed reveals specific combinations of
values assumed by a and  that are expected to result in reversible (Fig. 3b, e.g., blue
circle) or irreversible (Fig. 3b, e.g., red circle) outcomes. Irreversible switching from
repressed to active transcriptional states was robust to declines in the rate of cell
division (Extended Data Fig. 7d) such as those we observed in PRC2i-treated cells
(Extended Data Fig. 1a). Thus, our experimental observations are compatible with a
double-negative feedback between transcription and PRC2 activity as a core theoretical
principle. Interestingly, the simulations correctly predict that transcript levels are
collectively higher for irreversible target genes than for reversible targets in PRC2-
disrupted cells (Fig. 3c). The simulations also predict a more modest difference in local
H3K27me3 abundance in untreated wild-type cells, with higher levels for reversible
than for irreversible genes. This difference is apparent in our experimental data, though

only statistically significant in one cell line (Extended Data Fig. 7e).



Transient activation of individual PRC2 target genes is sufficient to produce
epigenetic memory.

Given the ability of transcription to counteract PRC2, we reasoned that epigenetic
switching of irreversible genes in response to an artificial bout of PRC2 disruption might
reflect a natural ability of these genes to record any short transcriptional stimulus
strong enough to locally inhibit PRC2 activity. In support of this notion, computational
simulations indicate that genes whose response to transient PRC2 disruption is
irreversible (or reversible) should respond in a similarly irreversible (or reversible)
fashion to a transient pulse of strong transcriptional activation (Fig. 3d).

To test this hypothesis, we developed a system to transiently activate individual
targets one at a time. We engineered iMEF B cells to encode a doxycycline-inducible
dCas9-VPR transcriptional activator protein 57 fused with a mutant FKBP12 that acts as
a destabilization domain to prevent spurious expression 5859, As expected, dCas9-VPR is
detected by Western blot only in the presence of doxycycline and of the destabilization
domain ligand Shield-1, and disappears rapidly after removal of these compounds (Fig.
4a). In the presence of sgRNAs targeting the promoter region of a gene of interest, we
can readily ask whether temporary induction of transcription results in subsequently
stable epigenetic memory (Fig. 4a). Remarkably, we observe such a memory in response
to a pulse of activation for several irreversible PRC2 target genes including Alx1, Nr2f1
and Foxal, all of which encode lineage-specific developmental regulators. In these cases,
transcript levels remain durably elevated after removal of the inducing signal (“VPR
washout,” after 9 days, i.e., more than 10 population doublings) compared to their initial
repressed state (“VPR OFF,” Fig. 4b). It is interesting to note that the quantity of mRNA
measured after a repressed target gene is flipped on using the dCas9-VPR system (“VPR
washout”) is typically in the same range as that produced in Ezh2 KO cells (Fig. 4b),
consistent with the idea that transient induction allows the locus to stably overcome

repression by PRC2. Importantly, certain PRC2 target genes such as Hoxb13 display no

10



memory of activation, arguing against the possibility that the memory represents a
nonspecific effect of the assay (Fig. 4c). Epigenetic memory of transient activation by
dCas9-VPR is also evident at the protein level, with Western blots revealing a switch in
Nr2f1 and Foxal accumulation from undetectable amounts to levels (in “VPR washout”)
in the range of those found in Ezh2 KO cells (Fig. 4d). At the chromatin level, H3K27me3
is virtually eliminated from the transiently activated loci (Extended Data Fig. 8a, “VPR
washout”). In order to exclude the possibility that these effects are the result of
persistent activation by residual dCas9-VPR protein, we deleted the transgene from
Nr2f1 and Foxal VPR washout conditions and confirmed that the memory of expression
was maintained at both the protein and mRNA levels (Extended Data Fig. 8b,c). Since
removing the transgene required a clone isolation and expansion procedure spanning
dozens of cell generations, this result further underscores the longevity of the
transcriptional memory for these genes. Altogether, these experiments establish that
transcriptional memory of activation is a gene-autonomous attribute that enables PRC2

target genes to record a transient transcriptional stimulus.

Hox genes can exhibit gene-specific or coordinated transcriptional memory.

Among the genes repressed in an Ezh2-dependent manner in both iMEF A and iMEF B
were several members of the Hoxb gene cluster (Extended Data Fig. 6b). Hox genes
encode key developmental regulators involved in the specification of antero-posterior
identity, and regulation of their expression by Polycomb proteins is conserved across
metazoans 1516, Hoxb genes exhibited varying degrees of epigenetic memory in response
to transient activation in the dCas9-VPR assay (Fig. 4c and Extended Data Fig. 9a). By
sequencing chromatin-associated nascent RNA from iMEF B cells, we were also able to
detect a long transcript that sweeps across a large portion of the Hoxb cluster, which we
term long-Hoxb (Extended Data Fig. 9b), distinct from the recently described short

HoxBlinc ¢°. We found that long-Hoxb can retain a stable memory of activation when
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targeted with dCas9-VPR (Extended Data Fig. 9b), which led us to wonder what impact
its transcription might have on other genes in the cluster. Interestingly, both Hoxb5 and
Hoxb6, which lie within the long-Hoxb transcription unit, were robustly co-activated
with long-Hoxb and displayed epigenetic memory of this event, whereas the nearby
Hoxb9, which long-Hoxb does not overlap, did not respond to long-Hoxb induction
(Extended Data Fig. 9c). Thus, the locus-specific activation assay suggests that a single
activation decision involving long-Hoxb might in principle suffice to flip the
transcriptional configuration of several PRC2 target loci in the Hoxb cluster in the course
of developmental transitions.

We also used the long-Hoxb gene to test the kinetics of epigenetic switching by
varying the time of dCas9-VPR-mediated induction prior to a constant 9-day washout.
This analysis showed that both near-maximal transcriptional induction and near-
maximal conversion to an epigenetically stable expressed state occurred with only 1 day
of induction (Extended Data Fig. 10a), illustrating the potentially rapid establishment of
a transcriptional memory state in response to a short-lived signal. However,
examination of additional PRC2 targets revealed that these kinetics are not universal;
although Alx1 and Foxal could likewise undergo epigenetic switching after a 1-day
activation, Nr2f1 showed only a partial response (Extended Data Fig. 10b, compare to
Fig. 4b), which coincided with incomplete removal of H3K27me3 from the locus
(Extended Data Fig. 10c). Interestingly, computational simulations of shorter activation
times indeed predict varying temporal requirements for complete switching as a
function of the strength of activation inputs and local PRC2 activity (Extended Data Fig.

10d).
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Transcription-coupled modification pathways are individually dispensable for
maintenance of epigenetic memory at PRC2 target genes.

We next took advantage of the dCas9-VPR-based local activation system to test whether
specific biochemical events associated with transcription were required for the
maintenance of transcriptional memory after transient induction. The significant
difference in H3K36me3 enrichment over the gene bodies of irreversible PRC2 targets in
Ezh2 KO cells (Fig. 2d and Extended Data Fig. 7a) prompted us to generate a dCas9-VPR
line with a deletion in Setd2, which encodes the major H3K36 trimethylation activity in
mice 6162 (Extended Data Fig. 11a). In this background, Nr2f1 and Foxal remained
repressed in an Ezh2-dependent manner, and transient dCas9-VPR-mediated activation
of these genes still led to a stable memory of expression at levels roughly equivalent to
those observed upon Ezh2 deletion (Fig. 4e). Likewise, when the H3K27 demethylases
encoded by Utx and Jmjd3 436365 are deleted (Extended Data Fig. 11b), which we
conjectured might hinder the maintenance of transcriptional memory at PRC2 target
genes, Nr2fl and Foxal still remain subject to epigenetic switching upon transient
dCas9-VPR-mediated induction to a stable expression state similar to that obtained by
deleting EzhZ2 (Fig. 4f). Acetylation of the H3K27 residue is also strongly associated with
transcription, and presence of this mark antagonizes and indeed is incompatible with
PRC2 activity 4445. We thus deleted the histone acetyltransferase Crebbp, which led to a
substantial reduction in global H3K27 acetylation (Extended Data Fig. 11c) but, similarly
to the Setd2 and Utx/Jmjd3 deletions, did not prevent epigenetic switching of Nr2f1 and
Foxal following a transient dCas9-VPR-dependent induction (Figure 4g). We conclude
that none of these machineries is alone sufficient to account for the long-term
maintenance of transcription at PRC2 target genes in response to transient activation,
suggesting that transcription-associated processes known to counteract PRC2 display a

certain degree of redundancy.
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Since we had also observed higher levels of DNA methylation over the bodies of
irreversible genes relative to reversible genes in Ezh2 KO cells (Fig. 2d and Extended
Data Fig. 7a,b), we attempted to explore whether DNA methylation might be required to
prevent restoration of PRC2-dependent repression and therefore to uphold
transcriptional memory of activation at these genes. Treatment with 5-aza-2’-
deoxycytidine resulted in a dose-dependent loss of global CpG methylation (Extended
Data Fig. 11d), but although this coincided with a modest decline in the expression of
irreversible PRC2 targets NrZf1 and Foxal, the decrease was not dependent on Ezh2,
indicating that it did not reflect a resumption of PRC2-dependent silencing (Extended
Data Fig. 11e). These results do not reveal an obvious role for DNA methylation in the
maintenance of active transcriptional memory states at transiently activated PRC2
targets. The persistence of epigenetic switching in the absence of Setd2 (Fig. 4e), which
is necessary for co-transcriptional de novo DNA methylation 3839, further argues against

DNA methylation making a critical contribution.

Transcriptional memory at Polycomb target genes acts in cis.

Our data suggest a mechanism for transcriptional memory, consisting of a mutual
opposition between Polycomb proteins and active transcription, that operates in cis, i.e.,
independently of secondary feedbacks initiated by proteins encoded by PRC2 target loci.
Indeed, our local activation experiments establish the gene-autonomous nature of the
transcriptional memory, thereby ruling out the idea that the epigenetic switching events
are due to a global reconfiguration of the gene-regulatory network (GRN) upon
simultaneous de-repression of multiple TFs. Nevertheless, since many PRC2 target
genes including Nr2f1, Foxal, Alx1 and Hox genes encode TFs themselves, it is still
possible that the observed memory of their activation relies on the initiation of new
feedbacks of trans-acting factors (Fig. 5a, top) rather than on a cis-acting shift (Fig. 53,

bottom). We sought to distinguish between these two scenarios by first evaluating the
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genome-wide impact of our single-gene transient induction assays. This analysis
revealed that Nr2fl and its non-coding divergently transcribed neighbor
A830082K12Rik are the only genes significantly upregulated after transient activation of
Nr2f1, and that Foxal is the only gene significantly upregulated after transient activation
of Foxal (Extended Data Fig. 12). These results exclude a role for a network of trans-
acting factors in enforcing the epigenetic memory of activation observed for these genes.
They do not, however, rule out the possibility that the Nr2f1 and Foxal TFs themselves
trigger direct self-regulating positive feedbacks that are required for inheritance of their
respective expression states. In order to test this idea, we introduced a short deletion in
Nr2f1 and short indels in Foxal that are expected to create premature stop codons while
minimally altering the transcriptional environment of these genes. We confirmed that
no Nr2fl or Foxal protein could be detected after mutation of the corresponding gene
even under dCas9-VPR-mediated induction conditions (Fig. 5b). Nevertheless, transient
activation of these loci resulted in a persistent memory of expression of their mRNAs at
levels on a par with those achieved by deleting Ezh2 (Fig. 5b). These results strongly
suggest that epigenetic memory of active transcription for Nr2f1 and Foxal is governed
in cis, independently of the proteins they encode and of other changes in gene
expression.

A functional demonstration of true cis-acting epigenetic inheritance entails
gathering active and inactive alleles within the same nucleus and verifying that the two
distinct states are continuously maintained 117, To that end, we fused cells in which we
had stably de-repressed wild-type Nr2fl or Foxal through transient dCas9-VPR-
mediated activation with cells in which the corresponding locus was in its original silent
state and carried the mutations depicted in Fig. 5b in order to enable discrimination of
the alleles based on their initial expression status (Fig. 5c). After isolating clones of fused
cells and confirming their increased ploidy and mononucleated structure (Fig. 5d,e), we

performed next-generation sequencing of cDNA to evaluate the respective expression
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states of the wild-type, initially active and mutant, initially inactive alleles. We detected
the wild-type sequences almost exclusively, indicating that the two expression states
had been maintained discretely throughout the many cell divisions required to isolate
heterokaryon clones and that any Nr2fl or Foxal protein expressed from wild-type
alleles was not sufficient to trigger de-repression of the respective silent alleles in trans
(Fig. 5f). Importantly, transient induction of dCas9-VPR confirmed that the mutant
alleles were present and remained subject to cis-regulated epigenetic switching (Fig. 5f,
note the appearance of mutant reads in VPR ON and washout conditions). We conclude
from these data that the inheritance of transcriptional states at the PRC2 target genes

Nr2f1 and Foxal obeys a cis-acting logic.
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Discussion
The findings reported here demonstrate that the histone modification H3K27me3 not
only constrains transcription but also regulates epigenetic memory of transcriptional
states in cis at the level of individual gene loci in mammalian cells. In principle, it is
possible to envision a system of transcriptional memory structured around self-
reinforcing feedbacks of TF networks 166, in which the role of a histone modifier such as
PRC2 is merely to strengthen the memory by jointly regulating the genes that make up
these networks. In this study we have shown that single PRC2 target genes are also
capable of autonomously recording comparatively brief transcriptional stimuli into
heritable memories in the absence of trans-acting feedbacks. We propose that the
presence of transcriptional memory at a given locus arises from a hysteretic balance
between activating TFs and PRC2 activity that enables transient cues, whether activating
or repressive, to produce stable conversion events between bistable states (Fig. 6).
Polycomb proteins therefore play a central role in orchestrating a chromatin-based
inheritance of epigenetic information, but this memory cannot be explained purely by
positive feedback of a self-reinforcing histone modification and is thus fully distinct from
many of the previously articulated, semi-conservative models of cis-acting memory.
Transcriptional memory of Polycomb target genes is dependent on the cellular
context, emerging upon differentiation and displaying striking cell-type specificity.
Several genes in particular experience dynamic (reversible) versus epigenetic
(irreversible) modes of regulation depending on the cell type. A dynamic mode of
transcriptional regulation by Polycomb proteins has also been observed in Drosophila
both during development ¢7 and in response to a short pulse of transcription of a
transgene linked to a Polycomb Response Element 68. Our observations relate these
distinct modes of regulation to the magnitude of the steady-state activating input,
epigenetic memory of transcription requiring a higher input capable of effectively

opposing Polycomb activity once a switch has occurred, but not so high that the
pposing y g

17



Polycomb-silenced state is always overwhelmed (Fig. 6). Epigenetic transcriptional
memory of Polycomb target genes is thus structurally linked to the trans-acting GRN,
which determines the nature and strength of activating inputs experienced by individual
genes (a in the model of Fig. 3a,b).

Conversely, cis-acting transcriptional memory of Polycomb target genes
facilitates the establishment of different epigenetic states downstream of a fixed GRN.
This enables, for instance, a given cell type to produce a range of stable antero-posterior
identities (defined in large part by the set of expressed Hox genes) without requiring
any change in the core GRN. That such multiple stable identities are unlikely to be
necessary at pluripotent stages of development might explain why the GRN in mESCs
does not appear to potentiate transcriptional memory at Polycomb target genes.
Importantly, the mode of cis-acting memory we have uncovered is expected to exhibit
some degree of flexibility as the complement of TFs for a given target gene evolves
according to shifts in developmental context. Overall, our findings provide a mechanism
by which short-lived signals can give rise to the type of stable and adaptable

transcriptional memory that is an essential condition of multicellular development.
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Extended Data Table 1. Quantification of histone marks.

Peptide sequence and | Protein modification Mock PRC2i Al;i_" CV %
modification position | (without N-term. Met) value
K[ACSAPATGGVK Acetyl (K27) 155x10° | 2.14x10° | 0.2365 | 71.8713
K[Ac|SAPATGGVKKPHR Acetyl (K27) 4.29x105 [1.58x10° | 02017 | 62.9365
K[Ac]SAPATGGVK[me]KPHR Acetyl (K27), Methyl (K36) 7.88x10¢ | 2.67x107 | 0.0099 | 20.2150
K[Ac]SAPATGGVK[Dime]KPHR Acetyl (K27), Dimethyl (K36) 1.43x107 | 5.93x107 | 0.0252 | 27.3137
K[me]SAPATGGVK Methyl (K27) 528x10° | 1.67x10° | 0.0002 | 6.6260
K[me]SAPATGGVK[me]KPHR Methyl (K27), Methyl (K36) 6.73x107 | 2.27x107 | 0.0025 | 13.4713
K[me]SAPATGGVK[Dime]KPHR | Methyl (K27), Dimethyl (K36) 1.53x10° | 4.63x10” | 0.0019 | 11.9292
K[Dime]SAPATGGVK Dimethyl (K27) 1.34x10° |5.11x107 | 0.0000 | 2.0606
K[Dime]SAPATGGVK[me]KPHR | Dimethyl (K27), Methyl (K36) 1.68x10° | 146x10” | 0.0001 | 5.4057
K[Dime]SAPATGGVK[Dime]KPHR Dimethyl (K27), Dimethyl (K36) 2.17x108 | 4.68x106 0.0001 4.6181
K[Trime]SAPATGGVK Trimethyl (K27) 3.44x10° |1.38x10° | 0.0001 | 3.7323
K[TriMe]SAPATGGVK[me]KPHR Trimethyl (K27), Methyl (K36) 8.71x107 | 2.13x106 0.0001 4.8148
3.25x107 | 4.15x105 | 0.0001 | 5.6788

K[Trime]SAPATGGV[Dime]KKPHR

Trimethyl (K27), Dimethyl (K36)

Peptide abundances represent peak areas normalized to those of the peptide
STELLIR (residues 57-63) in arbitrary units without logarithmic transformation.

Peptide abundances with a p-value < 0.05 were considered to be significantly
altered in PRC2i samples and are indicated in bold.
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Extended Data Table 3. Sequences of primers used for quantitative PCR.

Description

Sequence

Drosophila S2 Ubx, CUT&RUN forward 69

TCCAATCCGTTGCCATCGAACGAAT

Drosophila S2 Ubx, CUT&RUN reverse 69

TTAGGCCGAGTCGAGTGAGTTGAGT

Nr2f1, CUT&RUN forward

ACCCTGCTTTCATAGTAGTGTCATT

Nr2f1, CUT&RUN reverse

TATTTAAGCAGAGGGTGGAGTTTGA

Foxal, CUT&RUN forward

CTTGGGAATTTTAAGTTGGTCCGAA

Foxal, CUT&RUN reverse

TCTGTTACCTGTTTGTAGTCCTCTG

Tbp, RT-qPCR forward

ATCCCAAGCGATTTGCTG

Tbp, RT-qPCR reverse

CCTGTGCACACCATTTTTCC

Alx1, RT-qPCR forward

AAAGCGACGGCTGGCAAATGCG

Alx1, RT-qPCR reverse

ATTCAGCTCGGTGTGAAGGGGC

Nr2f1, RT-qPCR forward

CTTAACTTACACATGCCGTGCC

Nr2f1, RT-qPCR reverse

GAGGCATTCTTCCTCGCTGAAC

Foxal, RT-qPCR forward

AACAGCTACTACGCGGACACGC

Foxal, RT-qPCR reverse

ATGTTGCCGCTCGTGGTCATGG

Hoxb13, RT-qPCR forward

AAACGCTTAGGATTCCCTGGGCCT

Hoxb13, RT-qPCR reverse

AAGGTGGCATAATTGCCGGGCT

Hoxb6, RT-qPCR forward

ACAGGACAAGAGCGTGTTCGGA

Hoxb6, RT-qPCR reverse

GCCCAAAAGAGGAACTGTTGCACG

Hoxb9, RT-qPCR forward

TCAAAGAGCTGGCTACGGGGACAA

Hoxb9, RT-qPCR reverse

GCTCCAGCGTCTGGTATTTGGTGT

IncRNA-Hoxb, RT-qPCR forward

TCCCGTGCCTTGTTGCCTTGAT

IncRNA-Hoxb, RT-qPCR reverse

TGGTGGAGGTGGTGGGGCATAAAA

Hoxb5, RT-qPCR forward

ACATCAGCCACGATATGACTGGGC

Hoxb5, RT-qPCR reverse

GGGTCAGGTAGCGATTGAAGTGGA
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Extended Data Table 4. Sequences encoding gRNAs.

Description Sequence

Setd2 deletion gRNA 1 GTCGGTCCGAAAGAGATCGA
Setd2 deletion gRNA 2 AGCGTGTCCTCTCACGATAA
Utx deletion gRNA 1 GGTAGCGAGCGACACTCCGC
Utx deletion gRNA 2 ATGGCGGCGGGAAAAGCGAG
Jmjd3 deletion gRNA 1 TCGGGCAGTGGACCCTCCAG
Jmjd3 deletion gRNA 2 CGAAGCTCATGGCTGCCCGG
Crebbp deletion gRNA GCCAGCAGCCCTGTGCAACA
Nr2f1 deletion gRNA 1 CCAGTATGCACTCACAAACG
Nr2f1 deletion gRNA 2 GCAGAGAAATGTAGCCAGAC
Foxal mutation gRNA CATGGTGTTCATGGTCATGT
Alx1 activation gRNA 1 GCGGGGACGCGCCCTACCCT
Alx1 activation gRNA 2 GGCCCTACCCTGGGTAAGGA
Nr2f1 activation gRNA 1 GTGGTCAGAGCCCTGAATGG
Nr2f1 activation gRNA 2 GCCAACCAATGGCGTGAAGG
Foxal activation gRNA 1 GCCGAGGTGCACCTGTGAGG
Foxal activation gRNA 2 GTCCCGCAGCACAGCTCTTT
Hoxb13 activation gRNA 1 GCATGAGCGCTGATTGGCTG
Hoxb13 activation gRNA 2 GAGAAATTGCAGGGGGAGAA
Hoxb6 activation gRNA 1 GAGGAGCGCAGCCTGCACGA
Hoxb6 activation gRNA 2 GTGCAGGCTGCGCTCCTCCT
Hoxb9 activation gRNA 1 GTCTCAACATGGGGCGATGG
Hoxb9 activation gRNA 2 GAGCTCAGGCTGAGGTTACG
IncRNA-Hoxb activation gRNA 1 ATTGGCCGGCGCCGGTCATG
IncRNA-Hoxb activation gRNA 2 GAATTTATTGCATTTCTTCA
DD-dCas9-VPR deletion gRNA 1 CTAAAACCGGAACCGGACAA
DD-dCas9-VPR deletion gRNA 1 CGGTATTGTCTCCTTCCGTG
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Methods
Plasmids
The MSCVhygro-Flag-Ezh2 retroviral vector was purchased from Addgene (24296).

Plasmids for targeting intron 15 of Ezh2 included (1) a gRNA cloning vector
(Addgene 41824, 70) engineered to express the gRNA sequence 5’-
GTTACTATGTTGCCAAGTAG and (2) a targeting vector containing an EnZ-splice-
acceptor-T2A-hygroR-SV40polyA cassette flanked by FRT sites 71, further flanked by
sequences for homology-directed repair corresponding to the targeted region of Ezh2,
cloned from mouse genomic DNA.

PB-TRE-FKBP12DD-dCas9-VPR was generated by inserting the FKBP12-L106P
destabilizing domain (DD) 58 into PB-TRE-dCas9-VPR (Addgene 63800, 57) as an N-
terminal fusion domain.

The hyperactive PiggyBac transposase expression vector pCMV-hyPBase’2 was a
gift from F. Stewart.

pLKO.1-blast-U6-sgRNA-BfuAl-stuffer was generated by replacing the
puromycin resistance gene in pLKO.1-puro-U6-sgRNA-BfuA1l-stuffer (Addgene 50920,
73) with a blasticidin resistance gene. Dual-guide constructs were generated by
linearizing the resulting plasmid with BfuA1l and using Gibson assembly to insert a PCR
product containing one gRNA sequence, the invariant sgRNA scaffold sequence, a
modified murine U6 promoter 74 and a second gRNA sequence. The plasmid backbone
provides a human U6 promoter for the first sgRNA (5’) and the scaffold sequence for the
second sgRNA (3°).

pX458 was purchased from Addgene (48138, 75).

hCas9-without-neo was generated by excising the neomycin resistance gene
from hCas9 (Addgene 41815, 70) with Dralll and BstZ171.

hCas9-PID-NAA-BPNLS was constructed from hCas9 by replacing the sequence
encoding the protospacer-adjacent motif (PAM) interaction domain (PID) with the
corresponding sequence from the iSpy Cas9, which recognizes the PAM NAA 7¢, using a
plasmid template that was a gift from J.-P. Concordet, and by replacing the C-terminally-
encoded SV40 NLS with a bipartite NLS 77.78,

pCDH-CMV-EF1a-Flag-neo (System Biosciences) was used to confer
resistance to G418 via lentiviral transduction.

Cell lines

Mouse neural progenitor cells (NPCs), derived by in vitro differentiation 79 of embryonic
stem cells isolated from a cross between a 129/Sv female and a Cast/Ei] male, were a
gift from A.-V. Gendrel and E. Heard (clone C2, described in 80). NPCs were grown in
gelatin-coated flasks in N2B27 medium (50% DMEM/F-12, 50% neurobasal medium, 2
mM L-glutamine, 1X NDiff Neuro2 supplement (Millipore), 0.5X B27 supplement
(Gibco), 0.1 mM 2-mercaptoethanol) supplemented with 10 ng/mL EGF (Peprotech) and
10 ng/mL FGF2 (Peprotech), and passaged using Accutase (Gibco).

Mouse embryonic stem cells (mESCs) ES-E14TG2a (ATCC CRL-1821 lot
#62909865) were a kind gift from M. Schulz and D. Bourc’his. mESCs were grown in
gelatin-coated flasks in 2i+LIF medium (N2B27 medium described just above,
supplemented with 3 pM CT-99021 (Selleck Chemicals), 1 puM PD0325901 (Selleck
Chemicals) and 10 ng/mL LIF (Miltenyi Biotec)), and passaged using Accutase (Gibco).

Immortalized mouse embryonic fibroblasts (iMEFs) were grown in DMEM high-
glucose supplemented with 10% fetal calf serum, nonessential amino acids and 2 mM L-
glutamine. iMEFs were obtained by isolating MEFs from a male Ezh2flox/4 ; RosaZ26::Cre-
ERTZ2 13.5-day-old embryo (iMEF A, 34) or a female Ezh2flox/flox ; RosaZ26::Cre-ERTZ2 13.5-
day-old embryo (iMEF B, 81), infecting them with pMXs-hc-MYC (Addgene 17220) and
deriving a clone via limiting dilution.
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Deletion of EzhZ in IMEF A was achieved by treatment with 100 nM 4-
hydroxytamoxifen (Sigma) and rescue was performed by infection with a MSCVhygro-
Flag-Ezh2 ecotropic retrovirus and selection with 0.4 mg/mL hygromycin B. Reversible
deletion of Ezh2 in iMEF B was achieved by homozygous CRISPR-Cas9-mediated
integration of an EnZ-splice-acceptor-T2A-hygroR-SV40polyA cassette, flanked by FRT
sites 71, into intron 15 of EzhZ under selection with 0.4 mg/mL hygromycin B. Genetic
rescue of Ezh2 was performed by transfecting cells with pCAGGS-flpE-puro (Addgene
20733) and screening for clones having undergone homozygous excision of the EnZ-
splice-acceptor-T2A-hygroR-SV40polyA cassette.

Inhibition of PRC2
Inhibition of PRC2 activity in NPCs, mESCs and iMEF B was achieved by simultaneous
treatment with 2 pM UNC1999 (Sigma) and 4 uM A395 (Sigma).

Differentiation of NPCs to astrocytes

Differentiation of NPCs into astrocytes was performed as previously described 8°. NPCs
were plated in 6-well plates and grown for 48 h, then washed twice with N2B27 medium
and cultured in N2B27 supplemented with 1 ng/ml FGF2 and 10ng/ml BMP4 (R&D
Systems) for 48 h.

Antibodies

Anti-Nestin was a kind gift from V. Ribes; anti-GFAP (Z033429-2) was purchased from
Agilent Technologies; anti-H2AK119ub1l (D27C4), anti-H3K4me3 (C42D8), anti-
H3K27me3 (C36B11), anti-H4 (L64C1), anti-Hdacl (10E2) and anti-Crebbp (D6C5)
were purchased from Cell Signaling Technology; anti-Pol II (N-20) was purchased from
Santa Cruz; anti-H3K27ac (ab4729), anti-H3K36me3 (ab9050), anti-Lamin B1
(ab16048), anti-Nr2fl (ab181137) and anti-Foxal (ab23738) were purchased from
Abcam; anti-Utx (A302-374A) was purchased from Bethyl; anti-Jmjd3 was a gift from E.
Heard; and anti-Cas9 antibody was a gift from A. El Marjou at the Institut Curie Protein
Expression and Purification Core Facility. Alexa Fluor secondary antibodies for
immunofluorescent staining were purchased from Invitrogen. StarBright Blue 700
fluorescent secondary antibodies for Western blot were purchased from Bio-Rad.

Immunofluorescent staining

NPCs and astrocytes were cultured on gelatin-coated coverslips before being processed
for immunofluorescent staining. Cells were then washed once with PBS, fixed in 4%
paraformaldehyde for 5 minutes at room temperature (RT) followed by a wash in PBS.
Permeabilization was achieved in PBS containing 0.5% Triton-X 100 for 5 minutes at RT
followed by 4 washes in PBS. Cells were then blocked in PBS containing 20 % goat
serum for a minimum of 30 minutes at RT, followed by a wash in incubation buffer
(0.001 % Tween-20, 0.1 % BSA, 1 mM sodium azide in PBS). Cells were then incubated
with primary antibodies diluted in incubation buffer overnight at 4 °C, washed 4 times
in PBS, incubated with fluorescently labeled secondary antibodies 1-2 h at RT and
washed 3 times in PBS before mounting in DAPI-containing Vectashield mounting
medium.

Nuclear extracts for Western blot

Nuclear extracts for Western blot were prepared by incubating cells in buffer A (10 mM
HEPES-NaOH pH 7.9, 2.5 mM MgCl;, 0.25 M sucrose, 0.1% NP-40, 1 mM DTT, 1 mM
PMSF) for 10 min on ice to lyse, centrifuging at 6000 g for 10 min to pellet nuclei,
resuspending nuclei in buffer B (25 mM HEPES-NaOH pH 7.9, 1.5 mM MgCl;, 0.7 M Nac(l,
0.1 mM EDTA, 20% glycerol, 1 mM DTT, 1 mM PMSF), sonicating for 3 x 15 s using a
Branson Sonifier at 10% amplitude, centrifuging at 20,000 g for 15 min and recovering
the supernatant.

28



Image acquisition

Image acquisition for immunofluorescent staining was performed with an
epifluorescence microscope (Leica), using a fluorescence camera (CoolSnap HQZ2). Image
acquisition for Western blot was performed using a ChemiDoc MP Imaging System (Bio-
Rad). Images were further processed with Image] software.

Clonal growth assay

Cells, either mock-treated, undergoing continuous PRC2 inhibition, or having previously
undergone PRC2 inhibition, were plated at low confluence and then imaged in an
Incucyte device by phase contrast at regular intervals.

Propidium iodide staining and FACS analysis

Cells were resuspended in a nuclear-staining solution (1 mg/mL sodium citrate, 100 mM
NaCl, 0.1% NP-40, 50 pg/mL RNase A, 25 pg/mL Propidium iodide) and analyzed on a
NovoCyte flow cytometer.

Apoptosis assay

Cells, either mock-treated, undergoing continuous PRC2 inhibition, or having previously
undergone PRC2 inhibition, were plated in the presence of Incucyte Caspase-3/7 Green
Dye for Apoptosis (Essen Biosciences) and, in the case of mock-treated cells, in the
presence or absence of 0.5 mM H;0,. Cells were imaged in an Incucyte device by phase
contrast and green fluorescence after 12 h. Green object count and cell confluence were
determined automatically by Incucyte software and results were confirmed by visual
inspection of the images.

Quantification of histone modifications by Parallel-Reaction Monitoring

Total histones were extracted from the nuclei of NPCs (mock-treated or treated with the
PRC2 inhibitors indicated above) with sulfuric acid as previously described 82. Three
biologically independent histone purifications were simultaneously separated by SDS-
PAGE and stained with colloidal blue (LabSafe Gel Blue GBiosciences). One gel slice was
excised for each purification and in-gel digested using trypsin/LysC (Promega). Peptides
extracted from each band were then analyzed by nanoLC-MS/MS (RSLCnano system
coupled to a Q Exactive HF-X). Separation was performed after direct injection on a 50
cm x 75 pm C18 column (nanoViper C18, 3 um, 1004, Acclaim PepMapTM RSLC, Thermo
Scientific) regulated to 50°C and with a linear gradient from 2% to 35% buffer B at a
flow rate of 300 nL/min over 94 min. The mass spectrometer was operated in PRM
mode (see acquisition list in Table M1 below). The acquisition list was generated from
the peptides obtained from the mix of samples (all 3 replicates) of the mock-treated
condition based on the DDA results.
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Table M1. Targeted peptides.

C
Protein h
Peptide Modified Sequence Full | Modification Mass 2 | pytracted fragments
Names without N-term. | [m/z] r g
Met g
e
y3, v4, y5, y8, y9, y9++, y10,
y10++, y11, y11++, y12++, b2,
K[Ac]SAPATGGVKKPHR Acetyl (K27) 738.42574 | 2 | b3,b3,b11
y3, y4, y8, y9, y9++, y10, y11,
Acetyl (K27), yll++, y12, y12++, y13++, b2,
K[Ac]SAPATGGVK[me]KPHR Methyl (K36) 745.43357 | 2 | b3, bl1
y3, y4, y8, y9, y9++ y10, y11,
Acetyl (K27),|752.44139 | 2 |yl11++, y12, y12++, y13++, b2,
K[Ac]SAPATGGVK[Dime]KPHR Dimethyl (K36) b3,b11
y2, y3, y4, y5, y6, y7, y8, y9, b2,
K[Ac]SAPATGGVK Acetyl (K27) 479.27187 |2 | b3
Methyl (K27), y3,¥8,y9, y10, y11, y11++, y12,
K[me]SAPATGGVK[me]KPHR Methyl (K36) 731.43611 | 2 |y12++,y13,b1,b3,b11,b13
Methyl (K27), y3,¥8,y9, y10, y11, y11++, y12,
K[me]SAPATGGVK[Dime]KPHR Dimethyl (K36) 738.44393 | 2 |y12++,y13,b1,b2,b3,b11,b13
y2, v3, y4, y5, y7, y8,y9, b1, b2,
K[me]SAPATGGVK Methyl (K27) 465.27441 | 2 | b3, b5, b8, b9
y3, yv4, y8, yl11, yll++, yl12,
Dimethyl (K27), y12++, y13, y13++, b2, b3, b10,
K[Dime|SAPATGGVK[me]KPHR Methyl (K36) 738.44393 | 2 | b11,b13
y3, yv4, y8, yl11, yll++, yl12,
Dimethyl (K27), y12++, y13, y13++, b2, b3, bll,
K[Dime]SAPATGGVK[Dime]KPHR | Dimethyl (K36) 745.45176 | 2 | b13,b13++
y2, y3, v4, y5, y7, y7++, y8, y9,
K[Dime]SAPATGGVK Dimethyl (K27) 472.28224 | 2 | b5,b7,b7++, b8, b8++
y3, y4, y8, y9, y11, y12++, y13,
Trimethyl (K27),|745.45176 | 2 |y13++, b10, bll, bll++, b13,
K[TriMe]SAPATGGVK[me]KPHR Methyl (K36) b13++
y3, y4, y8, y9, y10, y11, y11++,
Trimethyl (K27), y12++, y13, y13++, bl1, bl3,
K[Trime]SAPATGGV[Dime]KKPHR | Dimethyl (K36) 752.45958 | 2 | b13++
y2, y3, v4, y7, y7++, y8, y9, b3,
K[Trime]SAPATGGVK Trimethyl (K27) 479.29006 | 2 b5, b8, b9
STELLIR 416.2504 |2 |y2,y3,y3++ y4,¥5,y6,b2, b3

PRM Data Analysis

The PRM data were analyzed using Skyline version (version 20.1.0.155) MacCoss Lab
Seattle,

Software,

WA;

(https://skyline.ms/project/home/software/Skyline/begin.view), fragment ions for
each targeted mass (Table M1) were extracted and peak areas were integrated. Data
analysis was then performed using myProMS (v3.9.1, 83). For each peptide, the mean
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peak areas were normalized by the STELLIR peptide fragment mean area. On each
peptide, a linear model was applied to compute a regression coefficient between the
conditions (used as fold change) and its associated p-value. The p-values were corrected
for multiple testing using the Benjamini-Hochberg procedure.

CUT&RUN and CUT&RUN-seq

CUT&RUN was performed as described 84, starting from a mixture of 500,000 mouse
cells and 25,000 Drosophila melanogaster Schneider 2 cells (grown in Schneider’s
medium supplemented with 10% heat-inactivated fetal calf serum) for CUT&RUN-seq,
or 500,000 mouse cells and 100,000 Drosophila S2 cells for CUT&RUN for quantitative
PCR (qPCR) analysis. Eluted DNA was purified using the NucleoSpin kit (Macherey-
Nagel) according to the manufacturer’s instructions. Primer sequences used for gPCR
analysis are listed in Extended Data Table 3 (normalization was performed using the
Drosophila Ubx locus).

For CUT&RUN-seq, libraries were prepared using the Accel-NGS 2S Plus DNA
library kit (Swift Biosciences) according to the manufacturer’s instructions, and
sequenced on an Illumina Novaseq 6000 (PE100) at the Institut Curie Next Generation
Sequencing Core Facility. Reads were simultaneously mapped to the Mus musculus
(GRCm38/mm10) and Drosophila melanogaster (dm6) genomes with Bowtie 2 (2.2.9)
using end-to-end alignment (very-sensitive). PCR duplicates were removed with Picard
Tools MarkDuplicates (1.97) and mm10/dmé reads were split into separate BAM files.
Reads mapping to the Drosophila genome were counted into 10kb bins and scale factors
were calculated using the median ratio method implemented in DESeq2
estimateSizeFactors (1.22.2). Properly paired reads mapping to the mouse genome were
counted once in bins of length 50. RPKM per bin were multiplied by the scale factor and
converted to bigWig format using DeepTools bamCoverage. Mus musculus BAM files
were filtered to exclude common artifact regions: https://github.com/Boyle-
Lab/Blacklist/tree/master/lists and only autosomes and reads with MAPQ>10 were
retained for the analysis.

ChIP-seq
Cell confluence and starting material were kept constant by plating a defined number of

cells in 15-cm dishes two days before cross-linking. Cells were cross-linked in the
culture dishes by incubating at room temperature for 10 min in cross-linking medium
(DMEM supplemented with 15 mM HEPES-NaOH pH 7.9, 15 mM Nac(l, 0.15 mM EDTA,
0.075 mM EGTA and 1% formaldehyde) pre-warmed to 37°, followed by quenching with
0.125 M glycine at room temperature for 5 min. Cells were then rinsed with cold PBS,
scraped from the dishes in PBS and transferred to 15-mL conical tubes, pelleted and
washed again in PBS. Next, cells were lysed by incubation at 4° for 10 min in 1 mL buffer
1 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40,
0.25% Triton X-100 supplemented with 1 pM pepstatin A, 10 ug/mL aprotinin, 1 pg/mL
leupeptin and 1 mM PMSF). Nuclei were pelleted, resuspended in 1 mL buffer 2 (10 mM
Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA supplemented with 1 pM
pepstatin A, 10 pg/mL aprotinin, 1 pg/mL leupeptin and 1 mM PMSF) and incubated at
room temperature for 10 min. Nuclei were pelleted again, resuspended in 1.3 mL buffer
3 (10 mM Tris-HCI pH 8, 1 mM EDTA, 0.5 mM EGTA, 0.5% N-lauroyl-sarcosine
supplemented with 1 uM pepstatin A, 10 ug/mL aprotinin, 1 pg/mL leupeptin and 1 mM
PMSF) and sonicated using a Diagenode Bioruptor cooled to 4°, for 30 x 30 s with 30-s
pauses. Solubilized chromatin was then recovered by centrifuging at 20,000 g and
saving the supernatant. Chromatin concentrations were estimated by Bradford assay
and then equalized using buffer 3.

Protein A Dynabeads (Invitrogen), 10 pL slurry per chromatin sample, were
washed three times in 100 pL 0.5% BSA in PBS per sample and incubated on rotator for
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several hours during chromatin preparation in 40 pL 0.5% BSA in PBS per sample and
2.5 pL antibody per sample.

Just prior to beginning the immunoprecipitation, 0.5 volume buffer 4 (15 mM
EDTA, 3% Triton X-100, 0.3% sodium deoxycholate supplemented with 3 pM pepstatin
A, 30 pg/mL aprotinin, 3 pg/mL leupeptin and 3 mM PMSF) was added to each
chromatin sample, and one-tenth the resulting volume was set aside as input.
Dynabeads were washed three more times in 100 pL 0.5% BSA in PBS per chromatin
sample, resuspended in 10 pL of a 2:1 mixture of buffers 3 and 4 per sample and
distributed 10 pL to each sample for the immunoprecipitation, carried out at 4°
overnight on rotator.

After immunoprecipitation, beads were washed six times in 0.4 mL ice-cold
buffer 5 (50 mM HEPES-KOH pH 7.5, 0.5 M LiCl, 10 mM EDTA, 0.7% sodium
deoxycholate, 1% NP-40 supplemented with 1 uM pepstatin A, 10 pg/mL aprotinin, 1
ug/mL leupeptin and 1 mM PMSF) with 2 min room-temperature rotation per wash, and
once in 0.4 mL 10 mM Tris-HCI pH 8, 50 mM NaCl, 1 mM EDTA. Precipitated chromatin
was then eluted by incubating beads in 200 pL 50 mM Tris-HCl, 10 mM EDTA, 1% SDS
with shaking at 65° for 30 min. Eluted chromatin, and input samples brought to 200 puL
with 50 mM Tris-HCl, 10 mM EDTA, 1% SDS, were incubated overnight at 65° to reverse
cross-links, and then treated with 80 ug RNase A at 37° for 1 h and 40 pg proteinase K at
55° for 1 h. DNA was extracted with phenol:chloroform:isoamyl alcohol and precipitated
in ethanol.

Libraries were prepared by the Institut Curie Next Generation Sequencing Core
Facility using the TruSeq ChIP sample preparation kit (Illumina) according to the
manufacturer’s instructions and sequenced on an Illumina HiSeq 2500 (PE50 for
H3K27me3, SE50 for Pol II, H3K4me3, H3K36me3 and H2AK119ub1). ChIPseq libraries
were aligned to mm10 using Bowtie 2 (2.2.9) with default parameters. PCR duplicates
were removed with Picard Tools MarkDuplicates (1.97) and BAM files were filtered to
exclude common artifact regions: https://github.com/Boyle-
Lab/Blacklist/tree/master/lists and only reads covering autosomes with MAPQ>10
were retained for the analysis. Reads were counted over gene body coordinates
(obtained from the gencode vM13 GTF) with FeatureCounts, allowing reads to overlap
all meta-features.

CUT&RUN-seq and ChIP-seq peak calling

H3K27me3 peaks were called in NPC and iMEF samples with the respective PRC2-
disrupted sample as control using MACS2 (2.1.1.20160309) on combined replicates with
the following parameters: -f BAMPE --gsize mm --broad --broad-cutoff 0.1 --bdg.

Analysis of published mESC ChIP-seq data
FASTQ files from ChIP-sequencing of WT and Ezh1/Ezh2 dKO murine ESCs from GEO
Series GSE103685 (SRR6025332, SRR6025341) were downloaded from the EBI
European Nucleotide Archive.

Mapping, filtering and peak calling were performed as for NPCs and iMEFs.

RNA-seq
Total RNA was isolated by Trizol extraction. Libraries were prepared either by the
Institut Curie Next Generation Sequencing Core Facility using the Illumina TruSeq
Stranded mRNA kit (NPCs) or TruSeq Stranded Total RNA kit according to the
manufacturer’s instructions (all iMEF samples except those shown in Extended Data Fig.
3f), or using the Swift RNA Library kit (Swift Biosciences) (mESCs, iMEFs in Extended
Data Fig. 3f), and sequenced on an Illumina Novaseq 6000 (PE100, NPCs, mESCs, and
iMEFs in Extended Data Figs. 3f and 12a) or HiSeq 2500 (PE50, all other iMEFs).
Chromatin-associated nascent RNA was isolated from 20 million cells by a
procedure kindly shared by M.A. Magbool and ].-C. Andrau. After resuspension and
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incubation in 4 mL HLB/NP40 buffer (10 mM Tris-HCI pH 7.5, 10 mM Na(Cl, 2.5 mM
MgClz, 0.5% NP-40) for 5 min on ice, 1 mL HLB/NP-40 buffer also containing 10%
sucrose was underlain and nuclei were collected by centrifugation for 5 min at 1400 g.
Nuclei were resuspended in 125 pL. NUN1 buffer (20 mM Tris-HCI pH 8.0, 75 mM Nac(l,
0.5 mM EDTA, 50% glycerol supplemented with 1 uM pepstatin A, 10 pg/mL aprotinin, 1
pg/mL leupeptin and 1 mM PMSF), followed by 1.2 mL NUN2 buffer (20 mM HEPES-
KOH pH 7.6, 7.5 mM MgCl;, 0.2 mM EDTA, 300 mM NaCl, 1 M urea, 1% NP-40,
supplemented with 1 uM pepstatin A, 10 ug/mL aprotinin, 1 pg/mL leupeptin and 1 mM
PMSF), and then incubated on ice for 15 minutes with 5 s vortexing every 4 min. A 10
min centrifugation at 15,000 g separated the nucleoplasm supernatant, which was not
further processed, from the chromatin pellet, which was washed in 0.5 mL NUN2 buffer
and collected again by centrifugation for 10 min at 15,000 g. Trizol extraction from the
chromatin pellet, with brief incubations at 95° as necessary to fully dissolve the
material, yielded the nascent RNA, which was then subjected to library preparation and
sequencing as above (TruSeq Stranded Total RNA kit, HiSeq 2500, PE50).

Libraries are strand-specific (reverse) according to RSeQC (2.6.4) after sampling
200,000 reads with MAPQ>30. Raw reads were trimmed for adapters with Cutadapt
(1.12) using the Trim Galore! (0.4.4) wrapper (default settings) and subsequently
mapped to the complete mouse rRNA sequence with Bowtie 2 (2.2.9). Reads that failed
to align to rRNA were mapped with TopHat2 (2.1.1)/Bowtie 2 (2.2.9) to mm10 and gene
counts by gene or exons were generated using FeatureCounts (1.5.1). Reads were
assigned to all overlapping features (exon or gene) in order to count those that fall
completely within another gene (e.g., Hoxb6).

Differential expression analysis of H3K27me3-positive genes

Differential expression (DE) analysis was performed comparing the different biological
conditions separately for each cell line using the edgeR glmFit (negative binomial
generalized linear model with likelihood ratio tests). Genes with counts per million
(CPM) > 0.5 in at least 2 samples whose transcription start site (TSS)+3kb overlapped an
H3K27me3 peak (minimum 1bp overlap) were categorized as H3K27me3-positive.
Library sizes were scaled using the trimmed mean of M values (TMM) method and
dispersion was estimated by weighted likelihood empirical Bayes.

A negative binomial generalized log-linear model was fit to the read counts for
each gene. Differentially expressed genes for each comparison were identified from the
linear fit after adjusting for multiple testing and filtered to include those with false-
discovery-rate- (FDR-) -adjusted p-value < 0.05 and absolute log2FoldChange > 1.

Among genes categorized as H3K27me3-positive, those significantly upregulated
in PRC2-disrupted v. WT/mock are considered PRC2-responsive. Among PRC2-
responsive genes, those significantly upregulated in PRC2-rescue v. WT/mock but not
upregulated in PRC2-disrupted v. PRC2-rescue are considered irreversible, while those
significantly upregulated in PRC2-disrupted v. PRC2-rescue but not in PRC2-rescue v.
WT/mock are considered reversible; all other PRC2-responsive genes are considered
intermediate. Intermediate genes are included in the totals represented in Extended
Data Fig. 3a,b but excluded from the totals represented in Fig. 1f.

Gene expression heatmaps were generated using TreeView 85,

Analysis of published NPC and mESC RNA-seq data
FASTQ files from RNA sequencing of murine NPCs and ESCs from GEO Series GSE54016
(SRR1106775 through SRR1106784) were downloaded from the EBI European
Nucleotide Archive.

Mapping and assignment to exons were performed as above.

Principal component analysis was carried out using R (3.6.1), and the
$var$contrib output was used to compute arithmetic differences in percent contribution
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of each gene to dimensions 1 and 2 (the latter capturing experimental batch effects) in
order to select genes for the heat map in Extended Data Fig. 2b.

Read count normalization

Read counts over gene body (RNA-seq and ChIP-seq/CUT&RUN) were normalized by
gene length (kb) and library size (TMM normalization factors were calculated using
edgeR) as follows:

n

COUNTSi | rpm /106
*
length; norm

L

Analysis of published NPC ATAC-seq data

FASTAQ files from ATAC-seq of NPC clone XX_2 from GEO Series GSE84646 (SRR3933589,
SRR3933585 and SRR3933586) were downloaded from the EBI European Nucleotide
Archive. Reads were aligned to mm10 using Bowtie 2 (2.2.9) allowing an insert size of
up to 2 kb with the following parameters: '--reorder -p 8 -D 70 -R 3 -N 0 -L 20 -i S,1,0.50
-X 2000'. BAM files were filtered to exclude reads mapping to mitochondria or common
artifact regions
(http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm10-
mouse/mm10.blacklist.bed.gz).

ATAC-seq on iMEF A cells

ATAC-seq was performed as previously described 8¢ with transposition on 50,000 whole
cells rather than nuclei in order to minimize mitochondrial DNA contamination as
recommended by 87. Libraries were sequenced on an Illumina HiSeq 2500 (PE100).
Mapping and filtering were performed as for NPCs.

ATAC-seq peak calling and differential enrichment analysis

Peak calling on ATAC-seq in iMEF A was performed on each replicate using SEACR 88
with a threshold of 0.006 and “stringent” mode, and Intersect (Galaxy v1.0.0) was used
to identify overlapping pieces of intervals. Differential enrichment analysis on iMEF A
Ezh2 KO peaks was done with EdgeR with the likelihood ratio test. Differentially
enriched peaks for each comparison were identified after adjusting for multiple testing
and filtered to include those with false-discovery-rate (FDR)-adjusted p-value < 0.05
and positive log2 fold change.

Gene ontology term enrichment analysis

For each gene set analyzed, significantly enriched biological process gene ontology (GO)
terms were retrieved using Gorilla 8%. The top 100 most significantly enriched GO terms
(with FDR-adjusted p-value < 0.05) were further processed by Revigo 90 in order to
remove redundant GO terms. Only the top 10 are reported.

Motif enrichment analysis

Enrichment of known motifs was determined using HOMER v. 4.7 91 and the most
recently available list of motif position-weight matrices provided on the HOMER website
(http://homer.ucsd.edu/homer/custom.motifs). Clustering of transcription factor
binding motifs was carried out using RSAT 92,

Whole-Genome Bisulfite Sequencing (WGBS)

Genomic DNA from iMEF A cells was bisulfite-converted using the EZ DNA Methylation-
Gold kit (Zymo Research) according to the manufacturer’s instructions. Libraries were
prepared using Accel-NGS Methyl-Seq DNA Library Kit (Swift Biosciences) according to
the manufacturer’s instructions and sequenced on an Illumina Novaseq 6000 (PE100).
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Libraries were aligned to mm10 using Bismark Mapper (0.22.1) with default
parameters. PCR duplicates were subsequently removed with Bismark Deduplicate
(0.22.1). Per-base methylation metrics were extracted using MethylDackel (0.3.0.1) with
the following parameters: --OT 4,0,094 --OB 3,100,8,0 --keepSingleton --
keepDiscordant -q 10 -p 5 -D 2000 --minOppositeDepth 0 --maxVariantFrac 1.0 -d 1 --
ignoreFlags 3840 --requireFlags 0 —fraction.

Mathematical modeling

We simulate the PRC2 inhibition and washout/EzhZ2 deletion and rescue experiments, as
well as the transient activation experiments, by exploring a mathematical model of a
generic Polycomb target gene 52. The simulations are conducted in the same way as in 52
using the direct Gillespie algorithm 93 where the methylation status of each H3 histone is
simulated over time. In the simulations, there are four possible events: (1) the addition
of a methyl group to a histone, (2) the removal of a methyl group from a histone, (3)
replication and (4) transcription.

The addition of a methyl group to a histone H3 is described by the propensity
function /"¢ (Table M2). When this process occurs in the simulation, an unmethylated
histone transits to monomethylated, a monomethylated to dimethylated, etc.

The removal of methyl groups, demethylation, is described by ridem and when
demethylation is carried out a trimethylated histone is converted to dimethylated, a
dimethylated to monomethylated etc.

When replication is carried out, the nucleosome is exchanged, with a probability
of 0.5 per nucleosome, for a nucleosome with both histones unmethylated.

Table M2. Propensity functions. The propensity function for (1) adding methyl groups,

r/™€, (2) removing methyl groups, 7™, (3) DNA replication and (4) transcription

initiation f (see notations in Table M3).

Propensity functions

1 rime = B(asi,meo(ymeo—l + kmeo—lEi) + 55i,mel(ymel—2 + kmel—ZEi)
+ 5si,mez (ym92—3 + kmeEi))

2 ridem = ydem(dsi,mel + Ssi,mez + (Ssi,me3)
3 With probability 2: 5;Sj,; — meOme0 forj = 13,5, ...,N — 1
4 Pmez
a fmax - ;le3 (fmax - fmin) ,Pm_ez < PT
f = T me3
a(fmin)v Pmez = PT

me3

If f > fiim thenset= fj;, .

Transcription initiation is described by the step-wise linear function f. When
transcription initiation is carried out in the simulations, the histones are exposed to
demethylation and histone exchange. The histones are demethylated (as described
above) with a probability of p4.,,m, per histone and exchanged with a probability of p,,
per histone. When a histone is exchanged, both histones of a nucleosome are changed to
unmethylated (histone i and i + 1 if i is odd, histone i and i — 1 if { is even).

35




The notation and equations are further explained in Table M3. The justifications,
assumptions and detailed implementation for the propensity functions are described in
more detail in 52.

Table M3. Explanations of notations. Descriptions and definitions of the notation used in
the propensity functions.

Notation Description

i €[1,N] H3 histones (N even)

S; € [me0,mel, me2, me3] The methylation status of

each histone i

LLx=y

by =]

o 0,x#Fy Kronecker delta

E; = Z (Pm325sj,me2 + 5sj,me3) T_he influence of neighboring
jem; histones

M = {{i —3,i—-2,i—-1i+1,i+2}, i even Neighboring histones
1—2,i—1,i+1,i+ 2,1+ 3y 1o

1 N
Prez/me3 = NZ(SSj,mez + SSj,me3) Proportion of me2/me3
j=1 marks

Two important parameters: a and 3

To modulate the transcription strength and the trans-factor-mediated regulation of gene
expression we explore the parameter a. The parameter is encoded in the transcription
initiation function f (Table M2), a = 1 is neutral, a« < 1 is repressive and a > 1 is
activating.

The parameter [ describes the strength of the local PRC2 activity and is
incorporated in the propensity ;"¢ (Table M2). The higher the value of B, the higher the
probability of adding methyl groups. When {3 << 1, the gene is not a PRC2 target and will
have low simulated H3K27me3 levels.

Parameters and simulation outputs

The parameters we use from 52 are listed in Table M4. These are fixed during all
simulations. The parameters a and 3 are free and vary between the different conditions
that are simulated.
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Table M4. The model parameters chosen from 52 that are fixed for all simulations.

Parameter Description Value
N Number of histones 60
Cell cycle length (h) 22
Kme PRC2-mediated methylation rate (me2 to me3) (histone-ls') 8-107°
Kmeo-1 PRC2-mediated methylation rate (me0O to mel) (histone-ls1) 9k,
Kme1-2 PRC2-mediated methylation rate (mel to me2) (histonels1) 6k,
Ymeo—1 Noisy methylation rate (me0 to mel) (histone-1s-1) Kmeo-1/20
Ymel—2 Noisy methylation rate (mel to me2) (histone-1s-1) Kme1-2/20
Yme2—3 Noisy methylation rate (meZ2 to me3) (histone-1s-1) Kme/20
Pme2 Relative activation of PRC2 by H3K27me?2 1/10
fmin Minimum transcription initiation rate (s1) 1074
fmax Maximum transcription initiation rate (s1) 4-1073
Ddem Demethylation probability (histone-ltranscription-1) 4-1073
Dex Histone exchange probability (histone-!transcription-1) 1073
Ydem Noisy demethylation rate (histone-1s-1) fminPdem
Py Threshold proportion of me2/me3 for maximum repression  1/3
fiim Limit on maximum transcription initiation (s1) 1/60

The simulation of a specific set of o and 3, («o,B0), is referred to as a “simulated gene.”
The output of the simulations used in the main text is time (in cell cycles), H3K27me3
and transcriptional output. When the different conditions listed in Table M6 are
simulated for Fig. 3b, the transcriptional initiation events per hour are recorded and
averaged over the Ng,th cell cycle. The H3K27me3 levels are the average levels (fraction
of maximum) across the simulated gene immediately before replication in the Ngenth cell
cycle. For the simulations of Fig. 3d, H3K27me3 levels and transcriptional initiation
events per hour are recorded throughout the cell cycle. All the respective outputs are
then averaged over the N, times they have been simulated (Table M5).

In the Gillespie algorithm, the time steps are not constant; we therefore convert
the H3K27me3 levels in the Gillespie output to the H3K27me3 levels that would have
been recorded within a simulation with a constant time step. We do so by choosing a
time step tour and assigning it to the H3K27me3 levels recorded at the end of that time
step within the Gillespie simulation.

Table M5. Additional parameters for the simulated experiments.

Parameter  Description Value
Nsim Number of simulations for a gene 1000
Ngen Number of cell cycles per condition 20
Cout Time step for time course averaging (h) 1

Simulated experiments

For each of these conditions, the wild-type gene is first pre-simulated for Nge, cell cycles
(starting from an initial condition of full methylation) and then each subsequent
condition is simulated for Ngen cell cycles consecutively. The parameter 3 is changed
between the different conditions in the simulated wild-type, PRC2 disruption and rescue
experiment (Table M6).
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Table M6. Simulated PRC2 disruption and rescue experiment. The corresponding value
for a and f for each condition.

Wild-type PRC2 perturbation PRC2 restoration
PRC2 inhibition/ Inhibitor washout/
Parameter Ezh2-/- Ezh2 rescue
o [24)) [24)) [24)]
B Bo 0 Bo

The parameter o is changed between the different conditions in the transient
transcriptional activation and washout experiment (Table M7).

Table M7. The transient transcriptional activation and washout experiment. The
corresponding value of a and {3 for each condition.

Wild-type Transcriptional Transcriptional
perturbation restoration
Parameter Transient activation Activator washout
[od o QAmax Qo
B Bo Bo Bo

Classification of simulated genes
To classify the genes into reversible, irreversible and intermediate we use the following

criteria:
Transcriptionperturbation

I.  Upregulation in perturbation v. wild-type ( Tramseription > 2).
wT

Transcriptionperturbation

II.  Upregulation in perturbation v. restoration ( > 2).

Transcription estoration
TTanSCTipti?nrlestoration > 2)

Transcriptionyr
Irreversible genes fulfill criteria I and III (but not II); reversible fulfill I and II (but not III).

The genes that don’t fulfill the criteria for either irreversible or reversible are classified
as intermediate.

III.  Upregulation in restoration v. wild-type (

Varying a and f§

When a and 8 are varied in Fig. 3b, the values are logarithmically distributed over values
of a and B that correspond to reversible or irreversible genes according to the
classification above. The simulations in Extended Data Fig. 7d result from a similar
protocol as for Fig. 3b, except that a and 3 are kept at constant values (a = 3.5, § = 2.1)
and the duration of each cell cycle was varied within a PRC2 disruption phase of fixed
total duration (440 h). The simulated transcriptional output in Fig. 3¢ results from the
simulation output in the PRC2 disruption condition of Fig. 3b. The simulated H3K27me3
levels in Extended Data Fig. 7e result from the simulation output in the wild-type
condition of Fig. 3b. We verified that these results were substantially unchanged when
parameter values were sampled linearly rather than logarithmically. The simulations in
Extended Data Fig. 10d result from a similar protocol as for Fig. 3d, except that the
number of cell cycles of transient activation was varied.

Individual gene activation assays in iMEFs

A stable DD-dCas9-VPR-expressing iMEF B line (iMEF B-VPR) was obtained by co-
transfecting iMEF B cells with pCMV-hyPBase and varying amounts of PB-TRE-
FKBP12DD-dCas9-VPR, selecting with 0.4 mg/mL hygromycin B and isolating clones
from the conditions with the least PB-TRE-FKBP12DD-dCas9-VPR that produced
hygromycin-resistant transfectants. Clones were tested for inducible DD-dCas9-VPR
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expression by treatment with 1 pg/mL doxycycline followed by reverse transcription
and quantitative PCR analysis, and chosen for use in the study on the basis of high fold-
induction and low basal expression.

Ezh2 KO iMEF B-VPR cells were obtained by treatment with 100 nM 4-
hydroxytamoxifen (Sigma). iMEF B-VPR lines with genetic deletions other than EzhZ2
were obtained by co-transfection of appropriate pLKO.1-blast-dual-guide constructs and
hCas9-without-neo (most deletions), or transfection of the appropriate pX458 (Crebbp
and Foxal), followed by clone isolation by limiting dilution without antibiotic selection
and screening by PCR for homozygous gene disruption. Sequences of gRNAs used are
listed in Extended Data Table 4.

Stable pools of DD-dCas9-VPR iMEFs for inducible activation of individual genes
were obtained by transducing iMEF B-VPR cells, or genetic deletion clones thence
derived, with lentiviruses assembled using pLKO.1-blast-dual-guide constructs
containing gRNA sequences targeting the region immediately upstream of the
transcription start site (listed in Extended Data Table 4), and by selecting transductants
in bulk with 3.5 pg/mL blasticidin.

Gene activation was achieved by treating cells with 1 ug/mL doxycycline and 1
mM Shield-1 (AOBIOUS).

Deletion of DD-dCas9-VPR after activation assays in iMEF B-VPR cells was
achieved by co-transfection of hCas9-PID-NAA-BPNLS and a pLKO.1-blast-dual-guide
construct containing gRNA sequences targeting sites flanking the DD-dCas9-VPR with
NAA as the protospacer-adjacent motif (PAM). Genomically integrated sgRNAs for genes
induced in the activation assay, which target sites bearing the conventional NGG PAM,
are not expected to enable cleavage by the transfected Cas9 with the modified PAM-
interacting domain (PID). Clones were isolated by limiting dilution without antibiotic
selection and screened for excision or early frameshift of DD-dCas9-VPR, which were
confirmed by anti-Cas9 Western blot after treatment with 1 pg/mL doxycycline and 1
mM Shield-1.

Reverse transcription for quantitative PCR and sequencing of RT-PCR products

RNA from was extracted from cell pellets using the RNeasy mini kit (Qiagen) according
to the manufacturer’s instructions and reverse transcribed using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s
instructions.

Quantitative PCR
gPCR was carried out on an Applied Biosystems ViiA 7 instrument (primers listed in
Extended Data Table 3; normalization was performed using Thp).

5-aza-2’-deoxycytidine treatment and LUMA assay

5-aza-2’-deoxycytidine was purchased from Sigma and re-supplied daily to cells
undergoing treatment. LUminometric Methylation Assay to confirm reduction in global
CpG methylation was conducted as previously described 94.

Generation and isolation of heterokaryon clones

Prior to cell fusion, iMEF B cells expressing mutant (OFF-state) alleles of Nr2f1 or Foxal
were transduced with a lentiviral vector (produced from pCDH-CMV-EF1a-Flag-neo)
conferring resistance to G418. iMEF B cells expressing wild-type (ON-state) of Nr2f1 or
Foxal expressed the blasticidin resistance gene present on the sgRNA expression vector.
390 000 iMEF B cells of each transcriptional ON or OFF state were plated together in the
same well of a 6-well plate and allowed to attach for a few hours. Cells were washed
twice with warm (37°C) PBS and incubated 1 min in 50% PEG-1500 (w/v) in 75 mM
Hepes (pH 8.0) (Sigma). 3 mL of PBS was added gradually to dilute PEG, followed by 2
washes with PBS and 1 wash with culture medium. The following day, cells were
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trypsinized and plated in limiting dilutions in 10-cm plates in the presence of 4 ug/mL
blasticidin and 1.3 mg/mL G418 to select individual heterokaryon clones.

DAPI/rhodamine-phalloidin staining

Cells were fixed in 4% paraformaldehyde for 5 minutes at room temperature. Following
a wash in PBS, cells were permeabilized in PBS containing 0.5 % Triton X-100 for 5 min
at room temperature and then blocked in PBS containing 20 % goat serum for 30 min at
room temperature. Cells were then washed once in incubation buffer (PBS containing
0.001% Tween-20, 0.1% BSA and 1 mM sodium azide) followed by a 90-minute
incubation with incubation buffer containing DAPI and rhodamine-phalloidin. Cells were
then washed 3 times in PBS and mounted with Vectashield (Vectorlabs) for fluorescent
imaging.

Next-generation sequencing of reverse-transcription-PCR products
Sequences were amplified from cDNA using the primers GAGCGTCCGCAGGAACTTAACT
and CTGCATGCACTGGCTGCCATAA (Nr2f1) or those listed for quantitative PCR in
Extended Data Table 3 (Foxal), and libraries were constructed using primers beginning
with [llumina adapters and indexes and ending with CAATCCAGGCCAGTATGCACTC and
CTGCATGCACTGGCTGCCATAA (Nr2f1) or with the sequences of the quantitative PCR
primers (Foxal). Sequencing was carried out by the Institut Curie Next Generation
Sequencing Core Facility on an Illumina Miseq using Reagent Nano Kit vZ (PE150).
Reads were classified according to whether they contained a perfect match for

Nr2f1 wild-type
(CAATCCAGGCCAGTATGCACTCACAAACGGGGATCCTCTCAATGGCCACTGCTACCTGTC),
Nr2f1 mutant

(CAATCCAGGCCAGTATGCACTCACAACGGGGATCCTCTCAATGGCCACTGCTACCTGTC  or
CAATCCAGGCCAGTATGCACTCACAATGGCTACATTTCTCTGCTGCTGCGCGCAGAGCCC),

Foxal wild-type
(ATGTTGCCGCTCGTGGTCATGGTGTTCATGGTCATGTAGGTGTTCATGGAGTTCATAGAG)

or Foxal mutant
(ATGTTGCCGCTCGTGGTCATGGTGTTCATGGGTGTTCATGGAGTTCATAGAG or

ATGTTGCCGCTCGTGGTCATGGTGTTCATGGTCAATGTAGGTGTTCATGGAGTTCATAGAG)
sequences.

Statistics and reproducibility
All measurements and statistical analyses involve distinct samples from independent
experiments. All statistical tests are two-sided.

Data availability

The mass spectrometry PRM data that support the findings of this study have been
deposited in the ProteomeXchange Consortium via the PRIDE 9 partner repository with
the dataset identifier PXD023966. They are accessible prior to publication (username =
reviewer_pxd023966@ebi.ac.uk, password = hBp0ODTzW). The CUT&RUN-seq, ChIP-seq,
RNA-seq, ATAC-seq and WGBS data that support the findings of this study have been
deposited in the Gene Expression Omnibus under the accession code GSE147568.

Code availability

All custom computer code developed for this study will be made available upon request.
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Fig. 1. Transient disruption of PRC2 triggers permanent activation of a large subset of repressed target genes. a, Schematic of transient
PRC2 inhibition experiment and Western blot analysis of nuclear extracts from the indicated conditions. NPC, mouse neural progenitor cells.
PRC2i, PRC2 inhibition with 2 uM UNC1999 and 4 uM A-395. b, Tracks of H3K27me3 CUT&RUN for the indicated conditions over entire
chromosome 10 in NPCs. ¢, Tracks of H3K27me3 CUT&RUN and RNA-seq for the indicated conditions at representative genes reversibly
(Rspo3) or irreversibly (Alx1) activated upon transient disruption of PRC2 in NPCs. d, Heatmap of RNA-seq levels (log2 fold change with
respect to the mean of the two mock replicates) in the indicated conditions for the full sets of reversible and irreversible PRC2 target genes. e,
Metaplots of average H3K27me3 CUT&RUN density over the interval from TSS — 3 kb to TES + 3 kb for the full sets of reversible and
irreversible PRC2 target genes in the indicated conditions. TSS, transcription start site. TES, transcription end site. f, Relative proportions of
reversible and irreversible genes in ESCs, NPCs and iMEF line B after treatment with PRC2 inhibitors and washout, and in iMEF lines A and B
after genetic deletion of Ezh2 followed by Ezh2 rescue. The total number of genes (reversible + irreversible) is indicated at the bottom and the
percentage of irreversible genes is indicated in white on each graph. ESC, mouse embryonic stem cells. iMEF, immortalized mouse embryonic
fibroblasts.
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locus by PRC2. b, Heatmaps depicting mean transcription initiation events per hour and H3K27me3 levels obtained upon simulating the
indicated conditions consecutively for 20 cell cycles each across a range of values of a and B (see Methods). Blue circle, (wild-type: a=0,=2,
B=B,=4) pair predicted to result in reversible activation upon transient disruption of PRC2; red circle, (wild-type: a=a,=3.5, B=B,=2.1) pair
predicted to result in irreversible activation upon transient disruption of PRC2. ¢, Box plots comparing irreversible and reversible genes for
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Fig. 4. Transient activation of individual PRC2 target genes can trigger permanent switching of transcriptional states. a, Schematic of transient
activation assay in iIMEF B cells and Western blot analysis of nuclear extracts from the indicated conditions. DD, FKBP12 destabilization domain®%,
VPR, VP64-p65-Rta %. b,c, Messenger RNA levels of indicated target genes in cells bearing the DD-dCas9-VPR construct and either lacking (wild-type,
Ezh2 KO) or constitutively expressing (VPR OFF, ON, washout) sgRNAs specific to the target gene. Values within each experiment are normalized to
the Ezh2 KO condition. Horizontal lines represent mean values. n.d., not detected. d, Western blot analysis of nuclear extracts from the indicated

conditions. e, As in b and ¢, but analyzing target genes in cells carrying a deletion in Setd2. f, As in b and ¢, but analyzing target genes in cells carrying
deletions in Utx and Jmjd3. g, As in b and ¢, but analyzing target genes in cells carrying a deletion in Crebbp.
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Fig. 5. A cis-acting mechanism creates a heritable record of activation at PRC2 target genes. a, Schematic illustrating alternative models of
transcriptional memory in which activation of feedbacks involving transcription factors is required (frans) or in which activation of such feedbacks is
dispensable (cis). b, Top, schematic of short deletion in Nr2f1 and site of short indels in Foxa? predicted to result in frameshift mutations. Bottom
(images), Western blot analysis of nuclear extracts from wild-type, Nr2f1-mutant and Foxa7-mutant cells cultured in dCas9-VPR-inducing conditions and
expressing sgRNAs targeting Nr2f1 or Foxal, as indicated. Bottom (graphs), Nr2f1 and Foxa?l messenger RNA levels in cells mutant for the
corresponding gene, carrying the DD-dCas9-VPR construct and either lacking (wild-type, Ezh2 KO) or constitutively expressing (VPR OFF, ON, washout)
sgRNAs specific to the target gene and subjected to the experimental treatment depicted in Fig. 4a. Values within each experiment are normalized to the
Ezh2 KO condition. Horizontal lines represent mean values. ¢, Schematic of cell fusion experiments between cells carrying PRC2 target genes in
different transcriptional states. Cells in the ON state are obtained by transient activation of the target gene using dCas9-VPR. Cells in the OFF state carry
the mutations shown in b in order to distinguish alleles within fused cells based on their initial expression state. d, Representative FACS analysis of
propidium iodide-stained cells showing a doubling in ploidy between initial conditions and a heterokaryon clone. e, Micrograph of cells from a
representative heterokaryon clone stained with DAPI (nucleus) and rhodamine-phalloidin (cytoskeleton). Note the presence of only one nucleus per cell.
f, Read counts in next-generation sequencing of cDNA molecules spanning the mutation sites shown in b. Mixtures of equal quantities of total RNA from
the indicated conditions, or total RNA from heterokaryons or heterokaryons subjected to indicated dCas9-VPR-mediated activation treatments, were used
for RT-PCR reactions. The percentage of mutant reads is shown in white on each graph, and the total below each graph denotes the number of
informative reads for the corresponding cDNA sample. HET, heterokaryon.
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Extended Data Fig. 1. Neural progenitor cells treated with PRC2 inhibitors show potent loss of H3K27me3 and retain key physiological characteristics. a, Equal numbers of cells were seeded in multi-well plates on day
0 in the presence or absence of 2 yM UNC1999 and 4 uM A395 (hereafter PRC2i), and cells were counted at successive 24-hour intervals. Mean values of two experiments are shown; error bars indicate actual values obtained
in each experiment. b, Top, Western blot of nuclear extracts from cells cultured in the presence of PRC2i for the indicated number of days using the indicated antibodies. Bottom, quantification of H3K27me3 Western blot signal,
normalized to H4, in arbitrary units, plotted with an exponential regression model and compared to the levels expected assuming two-fold dilution per population doubling time as estimated from the data in a. ¢, Quantification of
the indicated post-translationally modified peptides combined across histone H3.1, H3.2 and H3.3 by targeted mass spectrometry, normalized to the unmodified peptide STELLIR (residues 57-63), in arbitrary units, in mock-
treated (plain bars) and PRC2i-treated (hatched bars) cells (* denotes a p-value < 0.05; ** denotes a p-value < 0.01). See also Extended Data Table 1. d, Top, as in b (top), but for cells cultured continuously in the presence of
PRC2i or after a washout of the indicated number of days. Bottom, quantification of H3K27me3 Western blot signal, normalized to H4, in arbitrary units, plotted with a sigmoidal regression model. e, Tracks of H3K27me3
CUT&RUN and RNA-seq for the indicated conditions at the Cdkn2a locus (encoding p16™¢2 and p19*%F proteins) in NPCs, showing lack of H3K27me3 signal (the Emp1 gene is shown as a positive control). f, Cells in the
indicated conditions were cultured in Incucyte device and imaged at the indicated times. g, Representative FACS analysis of propidium iodide-stained NPCs in the indicated conditions. h, Apoptosis assay carried out using
Incucyte device to image cells in the indicated conditions in the presence of Caspase-3/7 Dye 12 h after plating. Fluorescent cell counts are normalized to cell confluence. i, Immunofluorescent staining of nestin and DAPI staining
in neural progenitor cells subjected to the indicated treatments, and immunofluorescent staining of GFAP and DAPI staining in astrocytes differentiated from neural progenitor cells while undergoing the indicated treatments.
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Extended Data Fig. 3. Transient disruption of PRC2 triggers permanent activation of a large subset of repressed target genes in differentiated somatic cells. a, Relative proportions of non-responsive and
responsive genes among the indicated totals of genes whose transcription start site overlaps a H3K27me3 peak, in NPCs, ESCs and iMEF line B after treatment with PRC2 inhibitors and washout, and in iMEF lines A and B
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(this study). ¢, Western blot analysis of nuclear extracts from the indicated conditions. PRC2i, PRC2 inhibition with 2 pM UNC1999 and 4 uM A-395. d, MA plots comparing RNA-seq levels of H3K27me3-positive genes in
ESCs cultured in the presence of PRC2 inhibitors, or after washout of the inhibitors, to mock-treated cells. CPM, counts per million. FC, fold change. Significantly differentially expressed genes (Benjamini-Hochberg-adjusted
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Extended Data Fig. 6. Stable epigenetic switching of PRC2 targets is not a gene-intrinsic property. a, Left, schematic
illustrating the heterogeneous identity of distinct MEF clones. Right, tracks of H3K27me3 ChIP-seq and RNA-seq for the
indicated conditions over individual genes comparing iMEF A and iMEF B. b, Tracks of H3K27me3 ChIP-seq and RNA-seq for
the indicated conditions over individual genes or regions comparing iMEF A and iMEF B.
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Extended Data Fig. 7. Stable epigenetic switching of target genes is correlated to level of transcriptional activity upon disruption of PRC2. a, Box plots (median, lower and upper quartiles, lowest and highest values)
of average nascent RNA-seq read densities, ChlP-seq read densities measured for the indicated chromatin features, ATAC-seq densities and fraction of CpG methylation. For nascent RNA, Pol I, ATAC-seq, H3K4me3 and
H3K36me3, p-values are the results of Mann-Whitney tests comparing irreversible and reversible genes for each feature. Difference in nascent RNA (Hodges-Lehmann): 0.15; confidence interval: 0.05 to 0.27. Difference in
H3K36me3 (Hodges-Lehmann): 0.56; confidence interval: 0.39-0.76. For DNA methylation, p-values are the results of a Kruskal-Wallis test. Mean rank difference for reversible Ezh2 KO v. irreversible Ezh2 KO: -88.90. TSS =
transcription start site. NS, not significant. TMM-RPKM, trimmed mean of M-values-reads per kilobase per million. b, Genomic tracks for the indicated chromatin features at representative reversible and irreversible PRC2
target genes in iIMEF A Ezh2 KO cells. ¢, Scatter plot of all reversible and irreversible genes according to their fraction of methylated CpG and log2 TMM-RPKM H3K36me3 ChlP-seq read density. Spearman's rank correlation
coefficient and corresponding p-value are indicated. d, Graph depicting the levels of transcription (fraction of level reached in case with 20 cell cycles of transient PRC2 disruption), and H3K27me3 levels, predicted at the
conclusion of a simulation similar to that conducted for Fig. 3d (top) for the indicated a, 8 values. Transient disruption of PRC2 was simulated for a fixed duration (corresponding to that of Fig. 3d) with varying cell cycle
lengths, followed by 20 cell cycles of normal duration during which PRC2 activity was restored, and levels of transcription and H3K27me3 at 20th cell cycle were plotted. e, Left, box plots comparing H3K27me3 levels of all
simulated genes predicted to exhibit reversible or irreversible de-repression, respectively. The levels are from the wild-type simulations in Fig. 3b (left), with parameter values sampled logarithmically over parameter space
(see Methods). Difference (Hodges-Lehmann): 0.10; confidence interval: 0.01-0.12. Right, box plots of observed H3K27me3 levels over all reversible and irreversible genes, respectively, in the indicated cell lines under wild-
type untreated conditions. p-values are the results of Mann—Whitney tests comparing irreversible and reversible genes for each cell line. Difference in H3K27me3 for iMEF A (Hodges-Lehmann): 0.45; confidence interval:
0.14-0.58. PRC2i, PRC2 inhibition with 2 yM UNC1999 and 4 uM A-395.
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Extended Data Fig. 8. Transient activation of individual PRC2 target genes can trigger
permanent switching of transcriptional states. a, H3K27me3 levels measured by
CUT&RUN over indicated target genes in cells bearing the DD-dCas9-VPR construct and
either lacking (wild-type, Ezh2 KO) or constitutively expressing (VPR OFF, washout)
sgRNAs specific to the target gene. Values within each experiment are normalized to the
wild-type condition. Horizontal lines represent mean values. b, Western blot analysis of
nuclear extracts from the indicated conditions. Cells having undergone a transient induction
experiment, and a subclone thereof in which DD-dCas9-VPR was genetically deleted, were
subjected to a second Dox+Shield1 treatment to confirm the deletion and check the
persistence of target gene product expression. ¢, Messenger RNA levels of indicated target
genes in cells constitutively expressing sgRNAs specific to the target gene and either
bearing the DD-dCas9-VPR construct or deleted for DD-dCas9-VPR after the conclusion of
a transient induction experiment. Values within each experiment are normalized to the VPR
washout condition. n.d., not detected.
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Extended Data Fig. 9. Hoxb cluster genes exhibit interdependent switching of transcriptional states in response to transient
activation. a, Messenger RNA levels of indicated target genes in cells bearing the DD-dCas9-VPR construct and either lacking (wild-
type, Ezh2 KO) or constitutively expressing (VPR OFF, ON, washout) sgRNAs specific to the target gene. Values within each experiment
are normalized to the Ezh2 KO condition. Horizontal lines represent mean values. b, Left, RNA-seq and nascent-RNA-seq over the Hoxb
cluster for the indicated conditions in iIMEF B, with the position of the long-Hoxb transcript shown below. Right, as in a, but for long-Hoxb.
¢, Messenger RNA levels of indicated target genes in cells bearing the DD-dCas9-VPR construct and either lacking (wild-type, Ezh2 KO)
or constitutively expressing (VPR OFF, ON, washout) sgRNAs specific to long-Hoxb.
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Extended Data Fig. 10. Short pulses of transient activation can suffice to produce a switch in transcriptional states. a, Messenger RNA
levels of long-Hoxb in cells bearing the DD-dCas9-VPR construct and either lacking (wild-type, Ezh2 KO) or constitutively expressing (VPR ON,
washout) sgRNAs specific to long-Hoxb, after induction for the indicated duration followed or not by 9-day washout. Values are normalized to the
Ezh2 KO condition. b, Messenger RNA levels of indicated target genes in cells bearing the DD-dCas9-VPR construct and either lacking (wild-type,
Ezh2 KO) or constitutively expressing (VPR OFF, ON, washout) sgRNAs specific to the target gene. Values within each experiment are normalized
to the Ezh2 KO condition. Horizontal lines represent mean values. n.d., not detected. ¢, H3K27me3 levels measured by CUT&RUN over Nr2f1 in
cells bearing the DD-dCas9-VPR construct, constitutively expressing sgRNAs specific to Nr2f1, and subjected to the indicated conditions. VPR
washout condition follows a 6-day induction. Values within each experiment are normalized to the VPR OFF condition. d, Graphs depicting the
levels of transcription (fraction of the maximum level reached for the indicated a, B values), and H3K27me3 levels, predicted at the conclusion of a
simulation similar to that conducted for Fig. 3d. A transient pulse of transcriptional activation with a = a,,,, = 100 was simulated for the indicated
number of cell cycles, followed by 20 cell cycles at the indicated a, B values, and levels of transcription and H3K27me3 at 20th cell cycle were

plotted.



QQ)
gy
&S

H3K36me3 “e—

HA | ——

Cc
@
& &
&
Crebbp F—-
H3K27aC

[ —

e

Nr2f1

[72]

3

>

3

s 0 05 1 15
z ; : ;
q) '1

=

T 2

©

8 -3

o

-

® Ezh2 KO

Jmja3 (R

Hdac1 e ———

S 1007

2 80

<

‘qES 60

(8_ 40

o 20

R 0+ T T T !
0 0.5 1 1.5 2
5-aza-2'-deoxycytidine (uM)

® Ezh2 KO Ezh2 rescue

Foxa1

1]r 5-aza-2'-deoxycytidine (UM) 0.5]r 5-aza-2'-deoxycytidine (M)

0.5 1 15 2

Ezh2 rescue

Extended Data Fig. 11. Stable switching of transcriptional states can occur
independently of Setd2, of Utx and Jmjd3, and of Crebbp, and global loss
of DNA methylation does not restore PRC2-dependent silencing. a, b, c,
Western blot analysis of nuclear extracts from iMEF B cells of the indicated
genotypes. d, Global levels of CpG methylation measured by LUminometric
Methylation Assay in iIMEF B cells of the indicated genotypes after treatment for
three days with different concentrations of 5-aza-2'-deoxycytidine as shown. e,
Messenger RNA levels of indicated target genes in cells of the indicated
genotypes after treatment for three days with different concentrations of 5-

aza-2'-deoxycytidine as shown.
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Extended Data Fig. 12. Switching of transcriptional states following transient activation can be gene-
autonomous. Top, MA plots comparing RNA-seq levels in cells in which the indicated gene was subjected to
transient activation as depicted in Fig. 4a (VPR washout) to levels in control untreated cells (VPR OFF). CPM, counts
per million. FC, fold change. Significantly differentially expressed genes (Benjamini-Hochberg-adjusted p < 0.05) are
indicated in red. A830082K12Rik is transcribed divergently from a common promoter region shared with Nr2f1.
Bottom, RNA-seq tracks for the indicated conditions at transiently activated genes.



