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Abstract

Rapid cellular responses to environmental stimuli are fundamental for development and
maturation. Immediate early genes (IEGS) can be transcriptionally induced within minutes in
response to a variety of signals. How their induction levels are regulated and their untimely
activation by spurious signals prevented during development is poorly understood. We found that
in developing sensory neurons, prior to perinatal sensory activity-dependent induction, IEGs are
embedded into a unique bipartite Polycomb chromatin signature, carrying active H3K27ac on
promoters but repressive Ezh2-dependent H3K27me3 on gene bodies. This bipartite signature is
widely present in developing cell types, including embryonic stem cells (ESCs). Polycomb
marking of gene bodies inhibits mMRNA elongation, dampening productive transcription, while still
allowing for fast stimulus-dependent mark removal and bipartite gene induction. We reveal a
developmental epigenetic mechanism regulating rapidity and amplitude of the transcriptional
response to relevant stimuli, while preventing inappropriate activation of stimulus-response genes.
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Introduction

Results

During development, cells are exposed to a variety of distinct environmental signals to
which they may need to rapidly respond in a spatiotemporally regulated manner, in order to
keep their differentiation schedule. Stimulus response genes are essential for rapid cellular
responses to extracellular signals—3. Among them, immediate early genes (IEGs) are
induced in multiple cell types within minutes in a stimulus-dependent manner, often
encoding for transcription factors (e.g. Fos, Egrl), which in turn regulate the expression of
downstream late response genes (LRGs) through activation of enhancers4-6. Prior to
induction, IEGs share key regulatory properties which poise them for rapid stimulus-
dependent activation. In general, these include accessible promoters and enhancers bound by
the SRF, NF-kB, CREB (cyclic AMP response element-binding protein) and/or AP-1
transcription factors, that are post-translationally modified upon stimulus response, as well
as transcriptionally permissive histone modifications (H3K4me2/3) and paused RNA
Polymerase Il (RNAPII)27. Despite their shared organization, differences in transcription
initiation, elongation, or mRNA processing and stability may result in IEG induction
differences?’. Moreover, IEGs are both general, i.e. the same IEGs are induced in most cell
types in response to different stimuli, and cell-type specific, responding to specific signals in
different cell types36:8-12, How spatiotemporal regulation and specificity of the IEG
transcriptional response is achieved in developing cells, and how untimely induction of IEGs
in response to spurious signals is prevented, are poorly understood.

Here, we asked whether and how chromatin states may also contribute to stimulus-
dependent transcriptional regulation of IEGs during development, choosing the mouse
developing somatosensory neurons as a suitable model. We then further confirmed the
general validity of our findings in developing neural crest, heart, liver, and ESCs. We
discovered, and functionally investigated, a unique H3K27ac/H3K27me3 bipartite chromatin
signature, which provides an epigenetic mechanism to modulate the rapidity and amplitude
of the transcriptional response of inducible IEGs to distinct stimuli during development. Our
findings support the involvement of Polycomb (Pc)-dependent H3K27me3 on the gene body
in inhibiting the productive elongation of RNAPII on bipartite genes. While strong stimuli
allow for the rapid removal of Pc gene body marking and fast transcriptional induction, Pc
marking of gene bodies of bipartite stimulus response genes may establish a threshold to
prevent rapid transcriptional induction of IEGs in response to sub-optimal and/or non-
physiologically relevant levels of environmental stimuli.

Transcriptional and chromatin profiling of activity-regulated genes in developing neurons

During early postnatal sensory neuron development, IEGs and LRGs are transcriptionally
induced by sensory experience, which drives neuronal and circuit maturation®8. In the
mouse somatosensory system, topographic representations of the mystacial vibrissae
(whiskers) on the face are generated at brainstem, thalamus, and cortical levels!314. In the
brainstem, the whisker-related neuronal modules, or barrelettes, are generated in the ventral
principal trigeminal sensory nucleus (vPrV) and sensory neuronal activity is required at
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perinatal/early postnatal stages for the maturation of barrelette neuron connectivity and map
formation13.14,

To characterize IEG and LRG activity response genes (ARGS) in developing barrelette
neurons, we set out a genetic strategy to isolate E10.5 mitotic progenitors and postmitotic
barrelette neurons at E14.5 (early postmitotic), E18.5 (perinatal) and P4 (consolidated
barrelette stage) by FACS and we profiled them by mRNA-seq (Smart-seq2), ChlP-seq
(ChlPmentation) of the Pc-dependent repressive H3K27me3 and active H3K4me2 and
H3K27ac histone modifications, and chromatin accessibility by ATAC-seq (Methods) (Fig.
1a, Extended Data Fig. 1a-e, Supplementary Table 1, Supplementary Figs. 1 and 2,
Supplementary Note).

To identify ARGs induced in barrelette neurons at the beginning of the sensory-dependent
maturation period (E18.5-P2/3)1°, we collected E18.5 Kir2.1-overexpressing, activity-
deprived, vPrV postmitotic barrelette neurons by FACS sorting (Extended Data Fig. 1le-p;
Supplementary Table 1; Supplementary Fig. 2; Supplementary Note; Methods), profiled
them by mRNA-seq (Smart-seq2), and compared to E14.5 and E18.5 vPrV wild-type
barrelette neurons. Among the genes with undetectable or low basal expression level (reads
per kilobase per million mapped reads, RPKM < 3) in E14.5 barrelette neurons, we
identified 56 genes, referred to as barrelette sensory ARGs (bsARGS) (Supplementary Table
2), that were up-regulated at E18.5 in a neuronal activity-dependent manner (Extended Data
Fig. 1g-s; Supplementary Note; Methods). bsARGs comprised 4 IEGs, namely Fos, Egrl,
Junb, and Zfp36 (Fig. 1b, Supplementary Table 2), and at least 23 putative LRGs (e.g. Cd38,
Osmr) (Supplementary Table 3). We next identified additional ARGs referred to as non-
barrelette ARGs (nbARGS) (7 =83) (Methods, Supplementary Note) that included both
LRGs and 12 IEGs which were transcriptionally induced by distinct activity-dependent
stimuli in neuronal types other than barrelette neurons'6-18, but that displayed undetectable
or low basal expression level (RPKM < 3) in E14.5, E18.5 and P4 barrelette neurons.

Pc group proteins regulate dynamics and plasticity of gene expression during
development19-23, We found that in E14.5 barrelette neurons 32/56 (57%) and 67/83 (84%)
of bsARGs and nbARGsS, respectively, were embedded in H3K27me3* domains of Pc-
repressive chromatin (Methods) with, however, H3K4me2*/ATAC* promoters (Fig. 1c;
Extended Data Fig. 1t,u).

IEGs carry a uniqgue Polycomb bipartite signature during development

The bsARGs and nbARGs with H3K27me3*/H3K4me2*/ATAC* Pc chromatin profile at
E14.5 included all the 16 IEGs, namely Fos, Egrl, Egr3, Egrd, Fosb, Fosl2, Junb, Zfp36,
KIf4, Maff. Npas4, Nrda3, Apoldl, Arc, Atf3, and Dusp516-18 When analyzing their
chromatin profile, only 4 of 16 (25%) IEGs (Junb, Egr3, Egr4, and Atf3) displayed a
conventional Pc bivalent?4-26 signature (Fig. 1d, left bar), i.e. with promoters marked by
both active H3K4me2 and repressive H3K27me3 histone modifications. Interestingly, 12 of
16 (75%) IEGs displayed a unique distinct ‘bipartite’ Pc signature (Fig. 1d left bar, see
genome browser snapshots at Fos, Egrl, Fosband Nr4a3in Fig. le, Extended Data Fig. 2a).
Namely, H3K27me3 deposition was restricted to their gene bodies, whereas the accessible
H3K4me2* promoters were devoid of H3K27me3 and decorated instead with the active
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mark H3K27ac, notably with no or only low basal levels of detected mMRNA. H3K27me3 on
gene bodies did not stretch further than 2-3 kb downstream of the transcription start site
(TSS), even when the gene was longer (e.g. NVr4a3, Extended Data Fig. 2a). H3K27ac
deposition at promoters of bipartite IEGs was not induced by the dissociation procedure
(Extended Data Fig. 2b, Methods). Conversely, we found that among the remaining 83/99
H3K4me2*/H3K27me3*/ATAC* ARGs, which included putative barrelette neuron LRGs
and non-barrelette neuron LRGs6-18 (e.g. Osmrand Palim1, respectively, Fig. 1e), 66/83
(80%) were in a bivalent state whereas only 17 of 83 (20%) carried the bipartite Pc signature
(Fig. 1d, right bar, Methods).

In summary, at prenatal stages, the rapidly inducible IEGs are preferentially in a Pc bipartite
state, whereas the LRGs are preferentially enriched with a Pc bivalent signature (Fig. 1d, e).
Similar to developing barrelette neurons, the Pc bipartite signature was also present at IEGS
in prenatal cortical progenitors and postmitotic neurons, though neither in adult excitatory
neurons nor in 7-day cultured embryonic cortical neurons (Extended Data Fig. 2a). Thus, the
bipartite chromatin organization is specifically established at IEGs during prenatal neuronal
development.

The bipartite signature is found on stimulus response genes during development and is
not restricted to neurons

We next investigated the genome-wide distribution of the Pc bipartite chromatin signature.
We assigned each gene with a “bipartiteness’ score related to their promoter H3K27ac and
gene body H3K27me3 levels and a ‘bivalency’ score related to H3K27me3 and H3K4me2 at
promoters (Methods; Extended Data Fig. 3a, b). Considering the estimated false positive
rates of this scoring approach, we conservatively evaluated the total numbers of true bipartite
genes from at least 140 at E10.5, to 177 at E14.5, to 219 at E18.5, and decreasing to 113 at
P4 in barrelette neurons (Fig. 2a, left, Methods). At all stages, approximately 1,500 genes
were instead in a bivalent state (Fig. 2a, right, see Methods). Aggregate profile plots of
chromatin marks of the top 100 E14.5 barrelette neuron bipartiteness (E14.5Bip) or
bivalency (E14.5Biv) scored genes (Methods) further confirmed their clearly distinct
chromatin signatures (Fig. 2b, Extended Data Fig. 3c).

In addition to IEGs, Gene Ontology (GO) analysis of E14.5 bipartite (Bip) genes identified
genes encoding for transcriptional regulators and transmembrane domain receptors
responding to distinct signaling pathways including BMP and TGF-beta signaling, voltage-
gated ion channels, and dendritic, axonal, and synaptic genes (Fig. 2c, Supplementary Table
4).

Furthermore, by our ranking method, we additionally found 124, 99, 185 and 107 genes
carrying the bipartite chromatin signature in mouse E14.5 heart tissue, E14.5 liver tissue,
E10.5 neural crest-derived cells (NCCs) and ESCs, respectively (Fig. 2a-c, Extended Data
Fig. 3d, Supplementary Table 4). Bipartite genes are tissue- and stage-specific as only a few
bipartite genes are shared among the different cell types (Fig. 2d), and these include typical
IEGs (e.g. Fos, Jun, Fosl2, Myb, Egr2, Arc) (Fig. 2c). Nonetheless, bipartite genes appear to
be consistently 5-15% of the bivalent genes at all times and in all the distinct cell types
analyzed (Fig. 2a).
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Lastly, sequential ChIP-seq on E14.5 bulk hindbrain tissue and single-cell mMRNA-seq
(ScCRNA-seq, 10X Genomics) analysis of FACS-isolated E14.5 postmitotic barrelette
neurons and E10.5 progenitors demonstrated that the H3K27ac and H3K27me3 histone
marks coexist at the promoter and gene body of bipartite genes, correlating with low or
undetectable mRNA transcription (Supplementary Note, Fig. 2e,f, Extended Data Figs. 3e
and 4a-e).

These results show that the bipartite signature is not an exclusive feature of developing
neurons but is widely used during development, raising the intriguing possibility that it
could regulate rapid IEG transcriptional inducibility.

The bipartite signature originates from bivalent chromatin and is dynamic during
development

To investigate how the bipartite signature is established, maintained, and resolved during
development, we created a two-dimensional (2D) projection of autosomal genes according
to chromatin accessibility, H3K27me3, H3K4me2, and H3K27ac levels at promoters and
gene bodies (Extended Data Fig. 5a) using t-distributed Stochastic Neighbor Embedding (t-
SNE) (Fig. 3a-d, Extended Data Fig. 5b-1, Supplementary Note, Methods). We generated a
single map for E10.5 progenitors and a combined E14.5, E18.5 and P4 t-SNE map of
chromatin states for postmitotic barrelette neurons (Fig. 3a, b, Extended Data Fig. 5b, c;
Methods). Genes (i.e. dots on t-SNE plots) with similar chromatin patterns were grouped
together, which also correlated with mRNA-seq data (Extended Data Fig. 5¢c-€).

Top-scoring bipartite and bivalent genes at E10.5 and postmitotic stages mapped to distinct,
largely non-overlapping, regions on the respective t-SNE maps (green and red contour lines,
respectively, depicting gene densities; Fig. 3a-d; Extended Data Fig. 5f,g,i-I; Supplementary
Note; Methods). Furthermore, genes mapping to the same region of the combined E14.5-
E18.5-P4 t-SNE map would reveal a stable chromatin state, unlike genes changing their
localization between developmental stages (Fig. 3a-d; also see Extended Data Fig. 5h and
Supplementary Note).

At P4, distinct fractions of the E14.5Bip genes had transitioned into productive transcription
(Bip — Exp; RPKM > 3), bivalency (Bip — Biv), or remained bipartite (Bip — Bip)
(Extended Data Fig. 6a). As compared to E14.5, Bip — Exp genes displayed higher levels
of H3K27ac, increased accessibility (ATAC-seq) and mRNA levels, and decreased
H3K27me3, in contrast to genes that remained bipartite (Bip — Bip) or became bivalent
(Bip — Biv) (line plots, Extended Data Fig. 6a). The developmental progression through
distinct bipartite patterns and into active chromatin state of E14.5Bip genes could also be
readily visualized as relocation of their position on the E10.5, E14.5, and P4 t-SNE plots,
respectively (Fig. 3c); representative examples include Fos, Egrl, Bcl6 (involved in
postmitotic neuronal fate through repression of Wnt/Notch/Fgf/Shh27), Nir3c1
(glucocorticoid receptor) and Plekhh3 (signal transduction in axon growth) (Fig. 2¢), while
Figure 3d shows the fraction of E14.5Bip genes that switch to bivalency at P4 (Bip — Biv,
red dots). Genome browser views of Fosand Egrl (Bip — Exp), and Gpr88 (Bip — Biv),
confirmed the transcriptional and epigenetic changes (Fig. 3e, f, Extended Data Fig. 6b).
Moreover, by 4C-seq, we found that the bipartite signature at the Fos locus allows for
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reciprocal physical contacts between its active enhancers and promoter, irrespective of
productive transcription (Supplementary Note; Fig. 3e, Extended Data Fig. 6c).

Next, we investigated the developmental origin of the bipartite signature. At E10.5, about
50% of E14.5Bip genes were already in a bipartite state, as they mapped within the green
contour region of the E10.5 t-SNE plot; however, as many as 40% of E14.5Bip genes were
in a bivalent state in E10.5 progenitors, as they were contained within the bivalent red
contour region (black dots in Fig. 3b; Fig. 3f, genome browser view of the representative
example Gpr88). While bipartite and bivalent genes had similar CpG content and
distribution (Extended Data Fig. 3f), the E14.5Bip promoters were enriched in NF-kB-
related and forkhead FOX-related factor binding motifs (Extended Data Fig. 3g, Methods).

Thus, the bipartite state originates from bivalent chromatin in early progenitors and during
postmitotic neuron development displays bidirectional dynamics, reverting, for a subset of
genes, back into a bivalent state, or resolving into productive transcription.

RNA Polll transcripts of bipartite genes are not efficiently processed to productive mRNA

We next investigated additional chromatin features of bipartite genes (Fig. 4a,
Supplementary Note).

Moreover, E14.5Bip genes displayed dramatically lower productive mRNA levels than
E14.5 non-bipartite genes with Bip-matching promoter H3K27ac levels (E14.5AcP, Fig. 4a,
mMRNA). To investigate why active bipartite promoters did not drive higher levels of
productive transcription, we determined ChIP enrichment for distinct phosphorylated forms
of the main subunit of RNAPII. The RNAPII C-terminal domain changes its serine
phosphorylation pattern as RNAPII progresses from initiation (S5P) through productive
transcription and elongation (S7P and S2P)28-30, Transcriptionally productive and
elongating RNAPII-S5P*S7P*S2P* is detected at active genes, whereas not productively
elongating RNAPII-S5P*S7P-S2P", also little or not recognized by the 8WG16 antibody, is
detected at Pc-repressed bivalent genes?29:31.32,

We found a unique pattern of RNAPII at E14.5Bip genes. Namely, 8WG16, RNAPII-S5P
and -S7P levels at E14.5Bip promoters were similar to E14.5AcP promoters, and higher than
non-Bip genes with low, Bip-matching, levels of productive mRNA transcription
(E14.5mRNALow; Methods) and E14.5Biv promoters (Fig. 4a,b). In contrast, around the
E14.5Bip transcription end sites (TESs, Methods), the levels of RNAPII-S2P and
H3K36me3, a mark of productive mRNA elongation into gene bodies?8, were significantly
lower than in E14.5AcP genes, though higher than in E14.5Biv genes and comparable to
E14.5mRNALow genes (Fig. 4b). Genome browser views of E14.5 bipartite Fosand Egrl
loci confirmed that both RNAPII-S5P and -S7P pause at the promoter-proximal first exon
regions, while RNAPII-S7P and -S2P levels are barely detectable in the H3K27me3* gene
body regions (Extended Data Fig. 6d). This distribution is generally shared by E14.5Bip
genes (Fig. 4). In addition, total RNA analysis (Ovation SoLo RNA-Seq; Methods) showed
that E14.5Bip nascent RNA transcripts are not efficiently processed to productive mRNA
(Extended Data Fig. 7a, b).
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In summary, mRNA processivity of E14.5Bip genes is intermediate between bivalent
(E14.5Biv) genes and genes with comparable H3K27ac promoter levels (E14.5AcP). We
also demonstrate that mRNA elongation through the gene bodies of E14.5Bip genes is
maintained at a low rate, matching with E14.5RNALow genes (Fig. 4a, b), despite similar
promoter H3K27ac and RNAPII-S5P levels to E14.5AcP genes.

Polycomb marking of bipartite genes on gene bodies inhibits productive mRNA
processing

Little is known about a potential role of Pc on gene bodies?2:23:33:34 We conditionally
inactivated Ezh23%, which catalyzes H3K27me3 deposition, in mouse rhombomere 3 (r3)
hindbrain derivatives, enriched in vPrV barrelette progenitors and postmitotic neurons
(Ezh2cKO™®-RFP Supplementary Table 1, Supplementary Figs. 1 and 3). In control FACS-
isolated E14.5 r3-derivatives, E14.5Bip barrelette neuron genes were in bipartite state
(Extended Data Fig. 3e, Supplementary Note), whereas in £z72cKO"3-RF” homozygous
mutant cells the H3K27me3 mark on E14.5Bip gene bodies was strongly reduced and
replaced by the H3K27ac mark (Fig. 5a; see below). Productive mRNA transcription of
E14.5Bip genes was significantly increased in £z22cKO3-RFF mutant cells (Fig. 5b). Total
RNA-seq analysis indicated that nascent E14.5Bip transcripts were more efficiently
processed to productive spliced mRNA in £242cK03-RFF mutant cells than controls
(Extended Data Fig. 7c). Moreover, accumulation of reads at gene beginning (TSS proximal
region) was reduced in mutant compared to wild-type cells (Fig. 5¢, Extended Data Fig. 7d).
Moreover, likely as a direct result of ectopic Fos induction, 85 activity-regulated Fos-binding
enhancers* (Methods), that normally became open only in postnatal barrelette neurons,
gained precocious accessibility in E14.5 FACS-isolated £2A2homozygous mutant neurons
from bulk hindbrain (Ez#2cKO"B-RFP: Supplementary Fig. 3; Supplementary Table 1,
Methods), suggesting incorrect precocious activation of early postnatal Fos-driven enhancer
program (Fig. 5d, Extended Data Fig. 8a,b, Supplementary Note).

Next, we investigated the levels and distribution of elongation marks in Ezh2 mutants.
H3K36me3 levels were increased at E14.5Bip genes in £2/2cKOB-RFP mutant, as
compared to wild-type cells (Extended Data Fig. 7e). To overcome the unfeasibility of
obtaining large amounts of cells from £2A2cKO embryos, we used £edKO mouse ESCs in
which the H3K27me3 mark is removed genome-wide3®. We carried out RNAPI1-S2P ChIP-
seq and mRNA-seq in wild-type and £edKO ESCs. For genes carrying H3K27me3 in gene
bodies, up-regulation of MRNA levels in £edKO correlated with modest but significant
increase of RNAPII-S2P signals in the TES region, compared with wild-type ESCs
(Extended Data Fig. 7f,g, Supplementary Note). We then analyzed the transcriptional up-
regulation of bipartite genes in full £271KO,Ezh2K0O and Ezh2 catalytically inactive
Ezh1KO;Ezh2Y7260 mutant ESCs®7 and found that it is the H3K27me3 mark itself on the
gene body, rather than recruitment of Pc proteins, that is required for the inhibition of
bipartite gene productive transcription (Supplementary Note; Extended Data Fig. 7h). Taken
together, these results indicate that the Pc-dependent H3K27me3 marking of the gene bodies
of bipartite genes inhibits productive mRNA elongation.
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To further support these findings, we selectively depleted the H3K27me3 mark from specific
bipartite gene bodies and analyzed its acute effect on productive mRNA transcription. We
developed an ex vivo short-term culture of E12.5 neurons from bulk hindbrain tissue; in this
system, we observed no H3K27me3 depletion from bipartite gene bodies normally observed
in long-term (1 week) hindbrain and cortical neuron embryonic cultures3® (Extended Data
Figs. 2a and 9a). Overexpression of the catalytically “dead” Cas9 (dCas9) fused to the
H3K27me3-demethylase UTX (Kdm6a) (dCas9-UTX) resulted in the selective decrease of
H3K27me3 from the bipartite gene body (i.e. Fos) (Extended Data Fig. 9b-d). Quantification
of mRNA levels confirmed that dCas9-UTX targeted to gene bodies of bipartite genes (Fos,
Egrl) caused significant transcriptional up-regulation of these genes (Fig. 5e), whereas
dCas9-UTX targeted to non-bipartite gene bodies (Actb, Gapah) did not affect gene
expression (Extended Data Fig. 9e).

Together, these results indicate that the H3K27me3 histone mark on gene bodies of bipartite
genes interferes with the production and accumulation of mature mRNA from the bipartite
active promoters.

The bipartite signature regulates the rapidity and amplitude of transcriptional response to

stimuli

Next, we asked whether the bipartite state may still allow rapid stimulus-dependent
inducibility of IEGs, and whether bipartite or bivalent IEGs would display distinct
transcriptional responses. We FACS-isolated cells from E14.5 hindbrain bulk tissue and
treated them with 55 mM KCI for 8 or 30 minutes. KCI-mediated depolarization of cultured
neurons results in increase of intracellular calcium signaling and phosphorylation of CREB,
a readout of stimulus-dependent transcription, at IEG promoters and is widely used to mimic
the transcriptional response to a wide range of sensory stimuli2#17:38, While an 8-minute
KCI treatment caused rapid induction of the bipartite Fosand Egrl IEGs, the bivalent Junb
(genome browser, Extended Data Fig. 10a) was not induced; however, its transcripts could
be detected after 30 minutes (Extended Data Fig. 10b). Thus, if developing neurons become
exposed to a relevant signal, the bipartite signature at the Fosand E£grI loci may still allow
for rapid inducibility, whereas the bivalent state constrains the Junb IEG to a slower
response and only in the presence of prolonged stimulation.

We then evaluated the amplitude of the transcriptional response of bipartite IEGs to distinct
strengths of the same signal. We used serum treatment after starvation in mouse ESCs, a
well-known model to rapidly induce expression of IEGs3. Fosand EgrI carried the bipartite
signature also in mouse ESCs (Extended Data Fig. 3d). We treated serum-starved wild-type
and £edKO ESCs with low (1%) or high (10%) concentration of fetal calf serum (FCS) for a
short (8 minutes) or a longer (16 minutes) time of exposure and quantified Fosand Egrl
transcriptional induction (Fig. 5f, Extended Data Fig. 10c). 10% FCS treatment could induce
a rapid (i.e. within 8 minutes) Fosand Egr1 transcriptional response in both wild-type and
EedKO backgrounds; however, the amplitude of the Fosand EgrI transcriptional responses
was higher in £edKO than wild-type ESCs (Fig. 5f). Furthermore, lowering the
concentration of the stimulus by 10-fold, i.e. treating with 1% FCS, was not sufficient to
elicit a transcriptional response after an 8-minute treatment in wild-type ESCs but caused
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significant Fosand Egrl induction in the £edKO background (Fig. 5f). In wild-type ESCs,
the bipartite Fosand EgrI could only be induced after prolonged exposure (i.e. 16 minutes)
to 1% FCS (Extended Data Fig. 10c).

In summary, H3K27me3 marking of bipartite IEGs gene bodies, while still allowing for
rapid induction, regulates the amplitude of the transcriptional response to relevant stimuli.
Moreover, Pc marking of gene bodies of bipartite stimulus response genes may establish a
transcriptional threshold to prevent rapid productive induction of IEGs in response to sub-
optimal and/or non-physiologically relevant levels of environmental stimuli (summary
scheme, Fig. 59).

Mechanism of stimulus-dependent transition of bipartite to active chromatin

NELF negatively regulates transcriptional elongation by pausing RNAPII at TSSs28.
Stimulus-dependent NELF removal from IEG promoters causes release of paused RNAPII
into elongation3°. We found that H3K27me3 on gene body inhibits transcriptional
elongation in bipartite genes in part by interfering with stimulus-dependent NELF release
(Fig. 6a, Supplementary Note). Moreover, £Ezh1/Ezh2removal caused a reduction of gene
body Ring1lb levels in bipartite genes (Fig. 6b), correlating with significant increase of
bipartite gene body, though not promoter, accessibility in £2A21KO,;Ezh2KO mouse ESCs
(Fig. 6c; see Supplementary Note). Such de-compaction of bipartite gene bodies was not
only merely correlative with increased transcription, but was at least partially caused by the
removal of H3K27me3 (Fig. 6d,e, Supplementary Note).

As for the transition from a bipartite to an active state, we reasoned that stimulus-dependent
posttranslational modification of transcription factors pre-bound to promoters could be
involved, in turn inducing an increase of H3K27ac, decrease of H3K27me3, and gain of
productive transcription (Extended Data Fig. 6a). CREB phosphorylation is rapidly
increased in response to neuronal activity and/or other environmental stimuli and induce
CBP-dependent H3K27ac increase and transcription of IEGs2°. Indeed, phosphoCREB
(pCREB) levels increased in the promoter regions of genes that were bipartite at E14.5 and
became active at P4 (Fig. 7a, Bip — Exp), including neuronal activity-induced IEGs such as
Fosand Egrl (Fig. 3e, Extended Data Fig. 6b). This correlated with the resolution of the
bipartite signature and productive transcription (Fig. 7a, Extended Data Fig. 6a,d,e).

Avre strong inducing stimuli, e.g. neuronal activity, able to resolve the bipartite epigenetic
state? By treating E12.5 short-term cultured hindbrain neurons with 55 mM KCI, after over-
night incubation with a cocktail of neuronal activity blockers (TDN cocktail = TTX + D-
AP5 + NBQX; Methods), the H3K27me3 mark was removed from IEG gene bodies (Fig.
7b). Notably, the decrease of the H3K27me3 mark is detectable as early as 8 minutes after
KCI treatment (Fig. 7b), showing that H3K27me3 removal starts very rapidly after exposure
to the inducing stimuli. Also, treatment of embryonic neurons with a TDN cocktail
prevented the removal of H3K27me3 from IEG gene bodies in long-term hindbrain neuron
culture (Fig. 7c; also see above and Extended Data Fig. 9a). This indicates that the removal
of H3K27me3 from IEG gene bodies is rapid and stimulus-dependent.
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Furthermore, treatment with GSK-J4, an inhibitor of H3K27me3 demethylases (i.e. UTX
(Kdme6a), Jmjd3 (Kdméh)) prevented neuronal activity-dependent gene body H3K27me3
removal (Fig. 7d). Similarly, inactivation of Jmyjd3inhibited, at least partially, gene body
H3K27me3 removal from the E14.5 bipartite genes that become active at peri/postnatal
stages (Fig. 7e, Supplementary Table 1, Supplementary Note). These results indicate that the
stimulus-dependent removal of H3K27me3 from IEG gene bodies requires active de-
methylation. In addition, GSK-J4 treatment prevented the rapid transcriptional induction of
bipartite IEGs after short (8 minutes) exposure to the inducing stimulus (Fig. 7f). Taken
together with our previous observation that, in the absence of the H3K27me3 mark in
EedKO ESCs, the amplitude of the rapid bipartite IEG transcriptional response upon short
exposure (8 minutes) to inducing stimuli (i.e. FCS) is enhanced as compared to wild-type
control (Fig. 5f), these results indicate that stimulus-dependent gene body H3K27me3 mark
removal is essential to achieve rapid and sizeable transcriptional induction of bipartite IEGs.

On the other hand, after prolonged exposure (i.e. 60 minutes) to the inducing stimulus GSK-
J4-treated neurons showed transcriptional up-regulation of bipartite IEGSs, even though
MRNA levels remained significantly lower as compared to control neurons (Fig. 7f). Thus,
in the event of incomplete H3K27me3 mark removal from the gene body, while rapid
bipartite IEG mRNA induction is impaired, transcripts can nonetheless accumulate over time
upon prolonged stimulation, albeit never reaching optimal levels.

We then tested the requirement of de novo promoter H3K27 acetylation in activity-
dependent removal of the gene body H3K27me3. We treated E12.5 short-term cultured
neurons with KCI in the presence of A-485, an inhibitor of H3K27 acetyltransferase p300/
CBP. A-485 inhibited KCI-dependent increase of promoter H3K27ac levels, and prevented
the removal of the H3K27me3 mark from bipartite IEG gene bodies (Fig. 7g), indicating that
gene body H3K27me3 removal requires stimulus-dependent de novo promoter H3K27
acetylation. Furthermore, A-485 treatment prevented rapid induction of bipartite IEGs after
short-time (i.e. 8 minutes) exposure to KCI (Fig. 7h), similarly to GSK-J4 treatment (Fig.
7f), indicating that fast bipartite IEG transcriptional induction requires de novo H3K27
acetylation and rapid removal of the gene body H3K27me3 mark through active de-
methylation (Fig. 7i, scheme; Supplementary Note). Moreover, the KCI-dependent gene
body H3K27me3 remaval is not merely the consequence of transcriptional elongation but it
is at least partly driven by the de novo promoter acetylation per se (Fig. 7j, Supplementary
Note).

Lastly, treatment of E12.5 short-term cultured neurons with the histone deacetylase (HDAC)
inhibitor trichostatin A (TSA), resulted in the spreading of H3K27ac into the bipartite gene
bodies and H3K27me3 removal, increase of mMRNA levels, and resolution of the bipartite
signature into an active state (Fig. 7k). Together with the analysis of E14.5 Ezh2cKO
hindbrain cells (Fig. 5a), and the finding that bipartite genes can revert to bivalency during
development (Fig. 3d, Extended Data Fig. 6a), we propose that a dynamic reciprocal balance
between the H3K27ac and H3K27me3 marks maintains the bipartite signature.
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In summary, stimulus-dependent increase of promoter H3K27ac causes active and rapid
H3K27me3 removal from the gene body and release of the elongation barrier, switching
from the bipartite to the productive active transcription state.

Discussion

Methods

During development, the response to environmental signals requires rapid, stimulus-
dependent, transcriptional responses through the induction of IEGs, whose gene products in
turn regulate the activation of specific LRGs, driving cell type-specific differentiation
schedules®-8. How chromatin states and epigenetic regulation contribute to the timely and
rapid activation of stimulus-induced developmental transcriptional programs is poorly
understood. Here, we discovered an unusual Pc-dependent bipartite chromatin signature at
stimulus-response IEGs prior to their transcriptional induction in developing neurons,
whereas LRGs were preferentially maintained in a bivalent chromatin state. Moreover, we
found that the bipartite state is not an exclusive feature of developing neurons but it is
generally present in developing cell types and in ESCs. The bipartite state originates from
the bivalent state and is dynamic during development, reverting to bivalency or resolving
into rapid activation (Fig. 8). Bipartite genes carry an active promoter and the Pc-dependent
H3K27me3 mark on the gene body, which inhibits RNAPII transcriptional elongation
regulating the transition into stimulus-dependent productive transcription of bipartite genes
(Fig. 8). We demonstrate that this unique chromatin signature provides a suitable epigenetic
structure to modulate the rapidity and amplitude of the transcriptional response of inducible
IEGs to distinct stimuli during development, while inhibiting IEG productive transcription in
response to sub-optimal and/or non-physiologically significant levels of environmental
stimuli (Fig. 5g). Additional Discussion can be found in Supplementary Discussion.

Mating scheme

To obtain E10.5 and E14.5 Krox20::Cre;R26/Tomato ( i ppidTomato/*y empyryos, the
Krox20::Cre transgenic mouse line?? was crossed with the R26%70mato reporter mouse line#!
(The Jackson Laboratory, #007905). To obtain E14.5, E18.5 and P4
Drg11::Cre;R26RZ5Creen;r2-:mCherry (Drg1125Green'* ,romCherry/#) mice, the Drgl1::Cre
transgenic mouse line?2, the R26RZSGeeN reporter mouse line?! (The Jackson Laboratory,
#007906) and the r2::mCherry (r2mCery/#) transgenic mouse line*2 were crossed (see
Extended Data Fig. 1c). To obtain E14.5, Drg11.:Cre;R26170mato 1p--EGFP
(Drg11taTomato/+ .r oEGFF/#) mice, the Drgl1.:Cretransgenic mouse line, the R26/7omato
reporter mouse line and the 72::EGFP (r2EGFP/*) transgenic mouse line (see Supplementary
Methods) were crossed (see Extended Data Fig. 1d). To obtain E18.5
Drg11::Cre;R26Kir-mCheny r2--EGFP (Drg11K"* :r26GFF/*) mice, the Drg11.::Cretransgenic
mouse line, the R26KIr-mCherry 43 mouyse line and the 726G transgenic mouse line were
crossed (see Extended Data Fig. 1€). To obtain E14.5 Krox20::Cre;Ezh21ox/flox -pogRFP
(Ezh2cKO™RFP) mouse, the Krox20::Cre;Ezh2™°%* mouse line was crossed with the
Ezh2M0x/flox - R 26RFP mouse line. £zh2°X mouse line is a kind gift from S.H. Orkin3°. The
R267FP mouse line was described before?4. To obtain E14.5 Hoxa2::Cre;R261T0mato
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(Hoxa2t9Tomato/*) embryos, the Hoxa2:.Cre transgenic mouse line> was crossed with the
R26tdTomato renorter mouse line. To obtain E14.5 HoxaZ::Cre;Ezh2MoX/flox -pogRFP
(Ezh2cKOB-RFP) mouse, the Hoxa2::Cre;Ezh2°X* ;R 26FF mouse line was crossed with
the Ezh2M10X/flox - 26RFF mouse line. Hoxa2::Cre line, that labels from r2 to posterior
hindbrain neurons, was utilized to collect relatively large number of hindbrain neurons to
enable the molecular analysis of £zA2-null neurons (see below). To obtain P8
Krox20::Cre;R26Ki-mCherty ( K 20Ki*) mice, the Krox20::Cre transgenic mouse line was
crossed with the R26X-MChery mouse line. To obtain P8 Krox20::Cre;R26%T0mal0 r2:-EGFP
(K20tdTomao/* r JEGFP/*) mice, the Krox20::Cre;r2:EGFP mouse line was crossed with the
R26%Tomato renorter mouse line. To obtain P8 Krox20::Cre,R26KIrmCherty .ro- EGFpP
(K20KIT* - 2EGFPI*) mice, the Krox20::Cre;r2::EGFPmouse line was crossed with the
R26Kir-mCherty mouse line. Jmjd3”~ (Jmjad3KO) mouse line was described previously“. To
obtain P10 Krox20::Cre;L. SL-R267TVA-LaXZ (K 20TVA*) mouse, Krox20:.Cre transgenic
mouse line was crossed with LAL-R267VA-LacZ transgenic mouse line*’, a kind gift of D.
Saur. To obtain P10 Krox20::Cre; L. SL-R26TVA-LacZ - pgKir-mCherry ( 20T VA/Kin mouse,
Krox20::Cre;L.SL-R26TVA-LacZ mouse line was crossed with R26<I-mCherry transgenic
mouse line.

Nomenclatures for mouse lines are summarized in Supplementary Table 1.

Dissociation of hindbrain tissue and isolation of cells by fluorescence-activated cell
sorting (FACS)

To collect rhombomere 3 (r3)-derived progenitors from E10.5 K20f7omato/* mouyse, r2—r4
regions were micro dissected. Dissected tissue was kept in PBS 1x on ice, then treated with
papain digestion mix (papain 10 mg/ml/ cysteine 2.5 mM/ HEPES pH7.4 10 mM/ EDTA 0.5
mM/ DMEM 0.9x) for 3 minutes at 37°C and immediately put on ice. Tissue was rinsed by
ice-cold DMEM 1x, and dissociated by pipetting and filtered. r3-derived cells were collected
by FACS (Supplementary Fig. 1). Processing of these cells was adapted for further analyses
(e.g. RNA-seq, ATAC-seq and ChlP-seq). To collect post-mitotic barrelette neurons of vPrv
(Drg11vPrv-ZsGreen/+ prgqgvPrv-diomato/+  prggvPrV-Kir* for nomenclatures see Extended
Data Fig. 1c-e, Supplementary Table 1, Supplementary Note) from E14.5, E18.5 and P4
Dry1 JZSGreen/+’-,2mCher/y/+, Dry1 1td7'0mato/+,-,ZEGFP/+ or Drgl 1Kir/+’. rIEGFP/+ mice, r2—r3-
derived regions were micro dissected. The boundary between r3 and r4 was identified by the
position of the facial nerve. Dissected tissue was kept in PBS 1x on ice, then treated with
papain digestion mix for 4 minutes at 37°C and immediately put on ice. Tissue was rinsed
by ice-cold DMEM 1x, and dissociated by pipetting and filtered. Wild-type
(Drg11vPrv-ZsGreen/+  prg vPrv-talomato/+) harrelette neurons were FACS-sorted by
selecting green single-positive cells from Drg1125Green’* -pomCherry/+ mice or red single
positive cells from Drg11tdTomato/ . 2EGFP/* mjce, while activity-deprived barrelette neurons
(Drg11vPrV-Kir’#) were sorted by collecting red single-positive cells from

Drg11Kir* rpEGFP/* mice (see Extended Data Fig. 1, Supplementary Fig. 2). Processing of
these cells was adapted for further analyses (e.g. RNA-seq, ATAC-seq and ChlP-seq). To
collect r3-derived hindbrain cells from E14.5 K20@Tomato/* or Ezp2cKOS-RFP mouse, r2—r4
regions were micro dissected. Dissected tissue was kept in PBS 1x on ice, then treated with
papain digestion mix for 3 minutes at 37°C and immediately put on ice. Tissue was rinsed
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by ice-cold DMEM 1x, and dissociated by pipetting and filtered. r3-derived cells were
collected by FACS (Supplementary Fig. 3a). Processing of these cells was adapted for
further analyses (e.g. RNA-seq and ChlP-seq). To collect hindbrain cells from E14.5
Hoxa2tdTomato/+ or Ezp2cKOE-RFP mouse, hindbrain regions (from the exit of the
trigeminal nerve in the rostral hindbrain down to the beginning of the spinal cord) were
micro dissected. Dissected tissue was kept in PBS 1x on ice, then treated with papain
digestion mix for 3 minutes at 37°C and immediately put on ice. Tissue was rinsed by ice-
cold DMEM 1x, and dissociated by pipetting and filtered. Hindbrain-derived cells were
collected by FACS (Supplementary Fig. 3b). Processing of these cells was adapted for
further analyses (e.g. RT-qPCR, ATAC-seq and ChlP-seq).

Over-expression of dCas9-UTX

Ex vivo cultured E12.5 hindbrain neurons (see Supplementary Methods) were transfected by
Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) at the culture Day 1. dCas9 or
dCas9-UTX fusion protein over-expression vector was co-transfected with two gRNA/EGFP
over-expression vectors (pGuide_EGFP) targeted to the mouse genes (i.e. Fos, Egrl, Actb,
Gapdh, see Supplementary Methods). After 24 hours (Day 2), neurons were dissociated by
0.05% Trypsin/EDTA. About 1% GFP-positive neurons were collected by FACS
(Supplementary Fig. 4). Processing of these cells was adapted for further analyses (RNA
extraction and ChlP-seq of H3K27me3, see below and Supplementary Methods).

KCI, Trichostatin A (TSA), TDN cocktail, GSK-J4, A-485 and Flavopiridol treatment

Ex vivo cultured E12.5 hindbrain neurons were treated with 2 uM trichostatin A (TSA)
(MBJ. JM-1606-1) at the culture Day 1 and incubated for 16 hours. As for the KCI
treatment, cultured hindbrain neurons were treated with a cocktail of neuronal activity
blockers (TDN cocktail = 1 uM tetrodotoxin (TTX)(TOCRIS, 1069) + 100 uM D-AP5
(Sigma, A8054) + 20 uM NBQX (TOCRIS, 0373) at Day 1 for an over-night incubation,
and 55 mM KCI containing medium was treated at Day 2 in the presence or absence of 35
UM GSK-J4 (Sigma, SML0701), 50 uM A-485 (TOCRIS, 6387) or 10 uM Flavopiridol
(Sigma, F3055) after a rinse. As for Drg11%70mato/* cyltured hindbrain neuorns, tdTomato™
neurons were sorted immediately after the KCI treatment. Processing of these cells was
adapted for further analyses (MRNA-seq, ATAC-seq and ChIP-seq, see below and
Supplementary Methods).

Serum shock of mouse ESCs

Wild-type and £edKO mouse ESCs were cultured up to 80 % confluence in the normal
culture medium (see Supplementary Methods) and subsequently serum starved for overnight
in the culture medium that does not contain FCS. Serum-starved ESCs were treated by a low
(1%) or high (10%) concentration of FCS for a short (8 minutes) or a longer (16 minutes)
time of exposure. After reaction, total RNA was immediately extracted by RNeasy Mini Kit
(QIAGEN, 74104) with genomic DNA digestion using RNase-Free DNase | Set (QIAGEN,
79254) according to manufacturer’s protocol, and RT-qPCR was conducted (see
Supplementary Methods).
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Sample preparation, RNA isolation and sequencing (RNA-seq)

For RNA-seq experiments, total RNA was extracted by NORGEN Single Cell RNA
Purification Kit (NORGEN, 51800) with genomic DNA digestion using RNase-Free DNase
I Kit (NORGEN, 25710) according to manufacturer’s protocol. Library preparation
protocols for poly A* mRNA (Smart-seq2 protocol#®) and total RNA (Ovation SoL.o RNA-
seq System) are described in Supplementary Methods. Protocols for single-cell RNA-seq
(10X Genomics) are also described in Supplementary Methods.

Sample preparation, chromatin immunoprecipitation and sequencing (ChlIP-seq)

Cells were cross-linked with 1% formaldehyde for 10 minutes at room temperature (RT) and
quenched with 125 mM glycine for 5 minutes at RT. To achieve the sequencing of chromatin
immunoprecipitated from small amounts of cells, preparation of ChiP-seq library was
mostly done by ChlPmentation protocol®. Cells were lysed in Sonication Buffer (10 mM
Tris HCI pH8, 5 mM EDTA, 0.5% SDS, 0.1x PBS, 1x Protease Inhibitor Cocktail (PIC -
cOmplete — EDTA free, Roche, 04693132001)) on ice, and sonicated using the Covaris
machine to obtain DNA fragment the size of which distributes between 150 bp and 500 bp.
The supernatant was transferred to a new tube, diluted with Equilibration Buffer (10 mM
Tris HCI pH8, 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate,
1x Protease Inhibitor Cocktail). Chromatin solutions were incubated overnight at 4°C with
antibodies. The next day, protein G coupled to magnetic beads (Dynabeads Protein G,
Thermo Fisher, 10004D) were added and the incubation was continued for 2 hours at 4°C.
The beads were then washed and resuspended in Tagmentation Buffer (10 mM Tris HCI
pH8, 5 mM MgCls,) containing Tagment DNA Enzyme from the Nextera DNA Sample Prep
Kit (Illumina, FC-121-1030) and incubated at 37°C for 10 min. The beads were washed and
DNA was eluted from the beads with Elution Buffer (10 mM Tris HCI pH8, 5 mM EDTA,
300 mM NaCl, 0.5% SDS, proteinase K) at 65°C. DNA was purified with SPRI AMPure XP
beads (Beckman, sample to beads ratio 1:2) and eluted in 10 mM Tris HCI pH8. libraries
were prepared in 50-pl reaction (1x KAPA HiFi Hot Start Ready Mix and 0.8 uM primers).
Enriched libraries were purified with size selection using SPRI AMPure XP beads (sample
to beads ratio 1:0.6) to remove long fragments, recovering the remaining DNA (sample to
beads ratio 1:2). Sequencing was performed on an Illumina HiSeq 2500 machine (50-bp
read length, single-end). The ChIP-seq protocol was optimized for different experiments
(e.g. FACS-sorted cells, bulk tissue, cultured cells, pre-fixed tissue, sequential ChIP-seq, see
Supplementary Methods).

Sample preparation and assay for transposase accessible chromatin (ATAC-seq)

ATAC-seq experiments were performed as described previously° with minor modifications.
For each experiment, 50,000—70,000 cells were used. Two independent biological replicates
were prepared. For the detailed protocol of ATAC-seq, see Supplementary Methods.

Reference genome and annotation

The mouse GRCm38/mm10 genome assembly was used as reference. The transcription start
site (TSS) most variable in promoter chromatin accessibility in our datasets was selected per
gene. Promoter (P) regions were defined as 1,000 bp upstream and 500 bp downstream of
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that TSS. Gene body (GB) regions were defined from 1,001 bp to 3,000 bp downstream the
TSS (Extended Data Fig. 5a), and transcription end sites (TES) as the last 2,000 bp of the
most downstream transcript. Spliced and unspliced counts for total RNA datasets (Ovation
SoLo RNA-Seq) were obtained for GENCODE transcripts. The unspliced transcriptome was
created by including intronic regions in each transcript. For the sequential ChIP analysis,
regions were defined as the start of P to the end of GB. In Figure 5¢ TSS proximal regions
were defined from 100 bp upstream to 200 bp downstream the TSS (exonic regions) and
compared that to all exonic regions in the gene.

Read alignment to the reference genome

MRNA and total RNA reads were aligned to the genome with S7TAR and converted to bam
files with samtools. In addition, for total RNA datasets, sa/monwas used to estimate spliced
and unspliced transcript abundances. For better comparability with 51-mer paired-end (PE)
samples, reads in ATAC-seq samples that had been sequenced as 76-mer PE were trimmed
to 51-mer PE using cutadapt, followed by adapter sequence trimming. The trimmed ATAC-
seq and ChIP-seq samples were aligned with bowtie2. For genome browser views, the
number of alignments per 100-bp window and per million alignments in each sample were
calculated and stored in BigWig format with QuasR using gExportWig. When appropriate,
counts were corrected to reduce between-sample non-linearities using /imma’s
normalizeCyclicl oess 1. Coordinates of expected 4C fragments were created by in silico
digesting the genome with Dpnll. Valid fragments were defined as fragments containing an
Nlalll site at least 30 bp away from the fragment start and end. Reads were aligned to the
genome with QuasR using gAlign.

Peaks were called on ATAC-seq samples per condition using MACS2 with —f BED, --
nomodel, --shift -100, --extsize 200, and -- keep-dup all. For E14.5 barrelette H3K27me3,
Polycomb (Pc) peaks were defined using a hidden semi-markov model with m#Asmm %2 to
detect Pc regions of varying sizes. Each gene in Figure 1c was Pc-overlapping if any of its
transcripts overlapped with the defined Pc regions. For other ChIP samples, positive regions
were defined using a Gaussian mixture model as described in Minoux et al., 201725,

To define barrelette enhancers, we used the union of the ATAC peaks from both E14.5 and
P4 barrelette neurons which are at least 1,000 bp away from any TSS with an ATAC log,
fold change greater than 1.5% from E14.5 to P4. Using neuronal activity-dependent Fos
targets from Malik et al., 20144, we divided our enhancers into Fos-overlapping (85) and
non-Fos-overlapping (3,882).

Read quantification and abundance estimation

All analyses downstream of alignment steps were performed in R. RNA-, ATAC-, and ChIP-
seq samples were quantified with QuasR’s gCount on genes (exons) or specified genomic
regions defined above. Sa/monwas used with tximportto quantify spliced and unspliced
transcripts per million for total RNA datasets. Single-cell RNA-seq data were quantified
with CellRanger®3, followed by quality control and log-transformation of UMI counts with
scranand scater.
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Raw counts were corrected for library size differences by multiplying by scaling factors,
calculating counts per million, or calculating reads per kilobase per million (RPKM),
followed by averaging across replicates and a log, transformation. For samples with a strong
GC-bias or genome-wide signal changes (Ezh2cKO), specific normalizations were applied
(see Supplementary Methods for details).

Activity response genes (ARGS)

ARGs specific to barrelette neurons (bsARGs) were defined as genes lowly expressed at
E14.5 (RPKM < 3), upregulated from E14.5 to E18.5, and downregulated between E18.5
Kir-OE and E18.5 wild type (56 genes: Extended Data Fig. 1g-s). Differential expression
analyses were done with edgeR using g/mQLFit. Non-barrelette ARGs (nbARGS) were
defined based on the literature6-18_ All activity-dependent genes (rapid and late induced)
were used and only genes not expressed (RPKM < 3) in all of E14.5, E18.5 and P4 barrelette
neurons and not contained in the bsSARGs were kept (83 genes). The bsARGs and nbARGs
were grouped as immediate early genes or late response genes as obtained from the
literature16-18 (See Supplementary Methods for details), and manually classified as bipartite
or bivalent based on histone modifications at E14.5.

Bipartite and bivalent gene scores

To calculate a “bipartiteness’ score, we selected genes with low expression (RPKM < 3),
more H3K27ac in P than in GB, and more of H3K27me3 in GB than in P. We separately
ranked H3K27ac in P and H3K27me3 in GB from low to high and summed the two ranks
for each gene. A *bivalency’ score was calculated similarly for genes with low expression
(RPKM < 3) and summing the ranks of H3K27me3 in P and H3K4me2 in P.

Visual inspection of individual gene loci on the genome browser and correlation between
biological replicates were used to evaluate both scores and confirmed strong correlation of
bipartiteness and bivalency scores with true bipartite or bivalent chromatin signature,
respectively (Extended Data Fig. 3a,b). By calculating the fraction of true positives
(Extended Data Fig. 3a,b) for different score values, we estimated the total number of
bipartite and bivalent genes in each condition (Fig. 2a). We used conservative definition of
bipartite genes and considered only top 100 scoring genes (E14.5Bip genes). We confirmed
that this threshold selects at least 75-80% true bipartite genes (Extended Data Fig. 3a),
allowing for efficient detection of bipartite genes without manual classification. The
chromatin mark distributions surrounding the TSSs for the top 100 bipartite and bivalent
genes were obtained using QuasR’s gProfile, normalized for library size, scaled between 0
and 1 and smoothed with runmean (Fig.2b) (See Supplementary Methods).

For the top 100 E14.5 bipartite and bivalent genes in barrelette neurons, the CpG observed-
over-expected ratio was calculated in 100-bp bins around the TSS and averaged across
genes. Motif enrichment analysis on promoters of bipartite and bivalent genes was carried
out using monal.isaand Homer®.
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Visualizing combined chromatin states with t-SNE

H3K27me3, H3K27ac, and H3K4me2 and chromatin accessibility (ATAC) were quantified
for each gene in P and GB regions as log, RPKM values. t-distributed stochastic neighbor
embedding (t-SNE)®® was used to create a two-dimensional embedding, placing genes with
similar chromatin landscapes close together. For the combined t-SNE (Fig.3a), additional
normalization steps were performed to reduce between-sample non-linearities (see
Supplementary Methods for details).

Using the 100 top-scoring genes for the single time point t-SNE (E10.5 t-SNE) map and the
top 300 genes for the combined t-SNE map (E14.5/E18.5/P4 combined t-SNE), two-
dimensional densities for bipartite and bivalent genes were estimated with kde2d from
MASS 6 and visualized as contour lines (see Extended Data Fig. 5g, 1). We calculated
Euclidean distances of genes between P4 and E14.5 on the original 8-dimentional space
consisting of normalized log,(RPKM) counts of ATAC, H3K27me3, H3K27ac, and
H3K4me2 on the P and GB regions, and colored the E14.5 t-SNE by this distance (Extended
Data Fig. 5h).

The 100 top-scoring genes for ‘bipartiteness’ at E14.5 were divided into 3 groups: genes that
become expressed at P4 (RPKM = 3) (20 genes), that become bivalent (move into the
bivalent contour at P4, see Fig. 3d) (25 genes), and that remain bipartite (55 genes) (see
Extended Data Fig. 6a).

Gene sets for comparison to E14.5 Bipartite genes

For Figure 4, we first selected the top 100-scoring bipartite and bivalent genes at E14.5
(E14.5Bip and E14.5Biv) and excluded 3 genes contained in both sets. Control sets of the
same number of genes (97) were then created using swissknife. E14.5AcP genes were
sampled from all genes except the top 400 E14.5 bipartite genes and E14.5Biv genes, to
have similar H3K27ac distribution in P as E14.5Bip. E14.5mRNALow genes that match
E14.5Bip in logo RPKM mRNA expression were sampled similarly from all genes excluding
E14.5Biv, the top 400 E14.5 bipartite genes and E14.5AcP. Finally, two sets were sampled
from the bottom and top 30% of genes ordered by mRNA expression, excluding any of the
genes already contained in the previous sets. For the E10.5 samples, gene sets of size 99
were similarly created, excluding 1 gene that was common between the top 100 bipartite and
bivalent genes (Extended Data Fig. 4e). For Extended Data Figure 7a,b, Entrez identifiers
from the top 100 E14.5 bipartite genes were mapped to Ensemble IDs using biomaRt?,
resulting 90 successfully mapped identifiers. A control set of the same size with matching
spliced transcript abundance, excluding the top 400 E14.5 bipartite genes, was then
randomly sampled.

Additional details

For more details on the analyses, including package or tool versions and parameters, see
Supplementary Methods.
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Extended Data
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Ext_et_wded Data Fig. 1. Genetic strategy of barrelette neuron isolation and identification of
activity response genes

aand b, Representative FACS gating for barrelette neurons (Supplementary Figs. 1-4). c and
d, Intersectional strategies to FACS isolate E14.5, E18.5 or P4 post-mitotic barrelette
neurons (Drg11vFrv-ZsGreen+ () - prgvPrv-tdTomato/+ d)) from ventral principal trigeminal
nucleus (vPrV). (Supplementary Table 1, Supplementary Note). e, Intersectional strategy to
FACS isolate Kir2.1(Kir)-mCherry overexpressing, neuronal activity-deprived, vPrv
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barrelette neurons (Drg11vFrV*Kir’*) (Supplementary Table 1, Supplementary Note). f,
Volumes of PrV in control (K2¢tdTomato/* . 2EGFF/#) and Kir over-expressing

(K20Kit’* r2EGFP/*Y mice (n = 3, biologically independent animals). g and h, P8 cytochrome
oxidase (CO) staining in wild-type (WT) (g) and K20X/”* (h) mice. Representative images
of n= 3 biologically independent animals. Scale bars: 200 um. i — p, P10 barrelette neuron
dendrite orientation by GFP expression after pseudotyped rabies virus (EnvA-SADAG-GFP)
injection in P3 thalamus in control Krox20::Cre;L SL-R26TVA-LacZ (K20TVA) (j) and Kir
over-expressing Krox20::Cre;R26KirmChery | s -pagT VA-LacZ (k20T VA/Kiny (k) mice. Scale
bars: 10 um. Symmetry index (1) and surface ratio (p) are compared (Supplementary
Methods). 7= 8 (K20"VA*) and n= 6 (K20TV"/Kir piologically independent animals were
used, and j, k, n, o are representative images. g and r, MA-plots comparing E18.5 and E14.5
mRNA levels in control Drg11vPrV-ZsGreen’+ harrelette neurons (q), and E18.5
Drg11vPrV-Kir’* (Kir-OE) and E18.5 Drg11vPrV-ZsGreen/* ild-type (WT) barrelette neurons
(r). 702 genes (green dots, q) increase their expression at E18.5 as compared to E14.5
(log2(fold change) > 1.5), while 102 genes (red dots, r) decrease their expression in E18.5
Kir-OE barrelette neurons (log2(fold change) < —1) (Methods). s, Identification of 56
bsARGs. t, Fractions of the 56 bsARGs (left) and 83 nbARGs (right) with H3K27me3- and
H3K27me3+ profiles in E14.5 Drg11vPrVZsGreen’+ harrelette neurons (see Fig. 1c). u,
Scatterplots showing ATAC-seq (x axis) and H3K4me2 () axis) signals on promoters (1 kb
around TSS) in E14.5 Drg11vFrV-ZsGreen/* parrelette neurons. Dashed lines indicate
thresholds corresponding to a 5% false discovery rate (FDR) (Methods) (see Fig. 1c). f, I, p,
Bars indicate median and P values are from Welch’s two-sample two-sided #tests. NS: not
significant (P> 0.05).
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Extended Data Fig. 2. Chromatin profiles of IEGs carrying the bipartite signature
a, Fos, Egrl, Fosband Nr4a3genome browser views. ATAC (violet), H3K4me2 (yellow,

E14.5 barrelette neurons), H3K4me3 (yellow, adult cortical neurons and cultured embryonic
neurons), H3K27ac (red) and H3K27me3 (blue) are shown in E14.5 Drg11vPrv-ZsGreen/+
barrelette neurons, E15.5 embryonic cortical neural progenitors (NPC) and post-mitotic
neurons (PMID: 28793256), adult cortical excitatory neurons (PMID: 26087164), and
embryonic cortical 7 day ex vivo cultured neurons (PMID: 20393465). Shaded boxes
highlight promoters (pink) and gene bodies (blue). IEGs display a bipartite chromatin
signature characterized by promoter-H3K27ac and gene body-H3K27me3 in E14.5
barrelette neurons and E15.5 cortical progenitors and post-mitotic neurons. In contrast,
H3K27me3 is not present on IEG gene bodies in postnatal cortical excitatory neurons,
similar to postnatal barrelette neurons (see Fig. 3e and Extended Data Fig. 6b). Also,
culturing embryonic cortical neurons for one week results in depletion of the H3K27me3
mark, similar to embryonic hindbrain neuron culture (see Extended Data Fig. 9a). In long
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genes (e.g. Nr4a3), H3K27me3 deposition on gene body does not stretch throughout the
gene body, but is restricted only to the proximal region downstream of the promoter (also
see Extended Data Fig. 3c). b, IEG (Fos, Egrland Fosb) genome browser views at E14.5,
pre-fixed prior to the dissociation procedure. Shaded boxes highlight promoters (pink) and
gene bodies (blue). The presence of the bipartite pattern (H3K27ac+ promoter/H3K27me3+
gene body) in the pre-fixed tissue indicates that it is not induced by the dissociation

procedure.
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Extended Data Fig. 3. Genome-wide characterization of the bipartite signature
aand b, Bipartite (a) and bivalent (b) gene rank (x axis) and corresponding rate of correct

bipartite and bivalent classification obtained through genome browser visual inspection of
individual loci (yaxis, fraction of bipartite true-positive, Methods) in E10.5 K20¢7omato/+
progenitors and E14.5, E18.5 and P4 Drg11vFrV-ZsGreen'+ harrelette neurons. ¢, Aggregate
plot showing profile of H3K27me3 around the transcription start site (TSS) in E14.5Bip
genes (top 100 genes ranked by bipartiteness scores in E14.5 Drg11vPrV-ZsGreen/* harrelette
neurons) with long gene length (>10kb). Promoters (defined as 1 kb upstream to 500 bp
downstream of TSS) and gene bodies (from 1 kb to 3kb downstream of TSS) are
highlighted. Note that H3K27me3 on gene bodies does not stretch further than 2-3kb
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downstream of the TSS, even when genes are long. d, Genome browser profiles of
representative bipartite IEGs (Fos, E£grl) in mouse ESCs. Note that the H3K27me3 mark

Page 22

is

deposited not only on downstream (gene body) but also upstream regions of these H3K27ac
promoters. e, Scatterplots showing promoter H3K27ac (x axis) and gene body H3K27me3 (y
axis) signals in E14.5 rhombomere 3 (r3)-derived K20/70mato/+ hindbrain cells. E14.5Bip

genes identified in Drg11vPrV-ZsGreen’+ harrelette neurons are mapped (red dots). Dashed
lines indicate thresholds corresponding to a 5% false discovery rate (FDR) based on a
gaussian mixture model with two components (for foreground and background, see
Methods). Barrelette neuron E14.5Bip genes show high levels of promoter H3K27ac and
gene body H3K27me3 indicating that they are bipartite also in r3-derived K2pa7omato/+
hindbrain cells. f, CpG average observed/expected (o/e) ratios in a 100bp window in

E14.5Bip and E14.5Biv gene loci. Bins overlapping with the promoter, TSS, and gene body

are indicated. g, Transcription factor binding motifs specifically enriched in E14.5Bip as
compared to E14.5Biv promoters (Methods).
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a, Scheme of sequential ChlP-seq protocol (Supplementary Methods). b and ¢, Scatterplots
comparing H3K27ac (x axis) and H3K27me3 () axis) signals detected in regions from 1kb
to +3kb around the transcription start site (TSS) by single ChIP-seq performed with large
(2-3kb) chromatin fragments in E14.5 hindbrain tissue. The colors indicate the
corresponding H3K27me3/H3K27ac sequential-ChlP-seq signals, either for all autosomal
genes (b), or only for E14.5Bip genes (c). Dashed lines indicate thresholds corresponding to
a 5% FDR based on a gaussian mixture model with two components (for foreground and
background, see Methods). Stratified by one single ChIP signal (e.g. H3K27ac), the
sequential ChlIP signal still correlates with the other (e.g. H3K27me3), which indicates that
single chromatin fragments have been double-marked and thus have been enriched at both
steps of the sequential ChlP experiments. d, Genome browser view of bipartite £grI gene
locus displaying chromatin accessibility (ATAC-seq), 2-3kb-fragment H3K27ac, H3K27me3
and H3K27me3/H3K27ac sequential-ChIP-seq in E14.5 hindbrain tissue. H3K27me3 and
H3K27ac coexist on gene body and promoter, respectively. e, Violin plots displaying
promoter H3K27ac (left), bulk mMRNA-seq (middle, Smart-seq2), and single cell fraction
with detected mRNA-seq (right, 10X genomics) of E10.5 K20fa70mato/* progenitors. E10.5
bipartite (E10.5Bip) genes (green, 7= 99 genes, see Methods) and E10.5 non-bipartite genes
with Bip-matching promoter H3K27ac levels (blue, 7= 99 genes) are compared. E10.5Bip
gene transcripts are only detected in as little as 6% of single cells on average. Plots extend
from the data minima to the maxima with the white dot indicating median, the box showing
the interquartile range and whiskers extending to the most extreme data point within 1.5X
the interquartile range. P values are from two-sided Wilcoxon’s tests. NS: not significant (2
> 0.05).
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Extended Data Fig. 5. t-SNE visualization of mouse genes according to chromatin pattern
a, Aggregate plot of chromatin profiles (ATAC-seq, ChIP-seq) around transcript start sites

(TSSs) of all autosomal genes in E14.5 Drg11vPrV-ZsGreen’+ harrelette neurons. Promoter and
gene body regions are highlighted (Methods). b-d, Two-dimensional (2D) projection on a
E14.5, E18.5 and P4-combined t-SNE map of autosomal genes according to chromatin
accessibility, H3K27me3, H3K4me2, and H3K27ac levels at promoters and gene bodies in
Drg11vPrv-ZsGreen’+ harrelette neurons (Methods). b, E14.5 (red), E18.5 (blue) and P4
(green) genes are indicated (Supplementary Note). ¢, Color-coded t-SNE gene maps
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according to promoter (top row) and gene body (bottom row) chromatin profiles (columns).
d, Color-coded t-SNE gene maps indicating mRNA levels. Numbers 1-3: example genes in
E14.5 barrelette neurons. e, Chromatin profiles of the example genes in d, namely
H3K4me2+/H3K27ac+/H3K27me3-/ATAC+ (active, Actb), Polycomb-dependent
H3K4me2+/H3K27ac-/H3K27me3+/ATAC+ (permissive, DI/x5) and H3K4me2-/H3K27ac-/
H3K27me3-/ATAC-(repressed, O/fr67). f, color-coded E14.5, E18.5 and P4-combined t-
SNE gene maps displaying bipartiteness (left) or bivalency (right) scores in E14.5, E18.5
and P4 barrelette neurons (Methods). g, E14.5, E18.5 and P4-combined t-SNE map with
contour lines indicating regions enriched with bipartite (green) and bivalent (red) genes
(Methods). h, E14.5, E18.5 and P4-combined t-SNE map in which all E14.5 genes are
colored according to their developmental change of chromatin state from E14.5 to P4
(Supplementary Note and Methods). i, E14.5Bip genes are subdivided into two subgroups
according to their localization on the t-SNE plot (n= 57, E14.5Bip-a genes, orange dots; /7=
43, E14.5Bip-b genes, blue dots). j, Violin plots showing promoter H3K27ac (left), gene
body H3K27me3 (middle) and mRNA (right) levels in E14.5Bip-a (orange) and E14.5Bip-b
genes (blue) in E14.5 barrelette neurons (Supplementary Note and Methods). Plots extend
from the data minima to the maxima with the white dot indicating median, the box showing
the interquartile range and whiskers extending to the most extreme data point within 1.5X
the interquartile range. Pvalues are from two-sided Wilcoxon’s tests. k and I, E10.5
K20tdTomato/* progenitor t-SNE maps with bipartiteness or bivalency scores (k) and contour
lines (1) at E10.5 (Methods).
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Extended Data Fig. 6. Developmental dynamics of the bipartite chromatin signature
a, Developmental dynamics of chromatin profiles (ATAC-seq and ChIP-seq signals in

promoter and gene body regions) and mRNA levels of E14.5Bip genes in E14.5, E18.5 and
P4 Drg11vPrv-ZsGreen/+ harrelette neurons. Log2 fold changes are calculated with reference
to E14.5. At P4, 20% of E14.5Bip genes become expressed (Exp, i.e. RPKM >= 3 at P4),
25% become bivalent (Biv, red dots in Fig. 3d), and the rest (55%) remain bipartite (Bip),
(blue, red and green lines, respectively). Bottom: summary diagram. b, Genome browser
view of the EgrZ locus at the E10.5, E14.5, E18.5 and P4 stages. ¢, 3D interaction map (4C-
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seq) using the Fos promoter (top left), enhancer 2 (e2, bottom left) and enhancer 5 (e5,
bottom right) as viewpoints in E10.5, E14.5, E18.5 and P4 hindbrain tissue. Normalized read
per 4C fragment is visualized. d, Genome browser views of Fosand Egrl at the E14.5,
E18.5 and P4 stages. e, Violin plots showing transcription end site (TES, Methods) RNAPII-
S7P (left), RNAPII-S2P (middle), and H3K36me3 (right) levels of E14.5Bip genes at E14.5
and P4 (see a). E14.5Bip genes that become expressed (Exp, blue, 7= 25) at P4 displayed
significantly higher levels of RNAPII-S7P, -S2P and H3K36me3 marks as compared to
E14.5Bip genes that become bivalent (Biv, red, 7= 20) or remain bipartite (Bip, green, n=
55) at P4: violin deviations between groups are to be compared within the same time point
since the time points reflect different batches. Plots extend from the data minima to the
maxima with the white dot indicating median, the box showing the interquartile range and
whiskers extending to the most extreme data point within 1.5X the interquartile range. P
values are from two-sided Wilcoxon’s tests. NS: not significant (P> 0.05).
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Extended Data Fig. 7. Polycomb marking of gene bodies inhibits productive mRNA elongation
a, Spliced transcript expression (transcripts per million, TPM, Methods) of E14.5Bip genes

(red) and control genes (blue) with matching distributions of spliced transcripts (Methods)
(=3 biologically independent replicates). b, Unspliced over total transcript fractions for

each gene set in a (Methods). Note the larger fraction of unspliced transcripts of E14.5Bip
genes compared to control genes. ¢, Fractions of spliced over total transcripts of E14.5Bip
genes (red) in E14.5 control K2p@Tomato/* \WT) and Ezh2cKO™-RF hindbrain cells (7=3,
biologically independent littermates). d, Violin plots comparing the TSS/whole gene ratios
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of total RNA-seq reads between £z72cKO%-RFF and WT hindbrain cells (see Fig. 5¢). e,
Scatter plot (left) comparing H3K36me3 levels on the coding region between E14.5 wild-
type Hoxa2tdTomato/+ \N'T and Ezh2cKOB-RFF hindbrain cells, indicating H3K36me3-
positive and negative E14.5Bip genes in red and gray, respectively (Methods). Increased
H3K36me3 levels of H3K36me3-positive E14.5Bip genes in Ezh2-depleted cells are further
illustrated (right panel). Bars indicate the median. f, (left, middle) Genes with non-zero
expression in £edKO and wild-type (WT), and carrying H3K27me3 on gene bodies in
mouse ESCs (7=3457) were subdivided into genes that show up-regulated (red, 7=1067),
down-regulated (blue, 7=93) and unchanged (gray, 7/=2297) levels of mMRNA in EedKO
compared with WT ESCs (Supplementary Note, Methods). (right) Violin plots showing log2
fold changes of transcription end site (TES) RNAPII-S2P levels in £edKO mutant compared
with WT ESCs. g, Chromatin profiles of Fosin WT and £edKO ESCs. While stalled
RNAPII-S5P showed decrease in the promoter (pink highlight), elongating RNAPII-S2P was
increased (green highlight) in £edKOESCs. h, MA-plots comparing mRNA levels of
bipartite (Bip) genes (/7=100, red) between full £2A21KO;Ezh2KO (left) or Ezh2 catalytically
inactive £zh1KO;Ezh2Y726D (right) with WT ESCs. d and f, Plots extend from the data
minima to the maxima with the white dot or middle bar indicating median, the box showing
the interquartile range and whiskers extending to the most extreme data point within 1.5X
the interquartile range. Pvalue is from a two-sided Wilcoxon’s test between the two groups.
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Extended Data Fig. 8. |EG bipartite chromatin is necessary to prevent precocious activity-
dependent neuronal maturation

a, Short time (two days) E12.5 ex vivo-cultured Drg11/@70omato/* hindbrains. After over-night
(o/n) treatment with a cocktail of neuronal activity blockers (TDN cocktail = TTX + D-AP5
+ NBQX, inhibitors of sodium channel, NMDAR and AMPAR), cultured neurons were
treated by 55mM KCI for 1 hour. Drg11-positive immature trigeminal neurons were FACS-
isolated for ATAC-seq analysis. Violin plots visualize log2 fold changes of enhancer
chromatin accessibilities in Lhour KCI-treated neurons as compared to non-treated control
neurons. Increased accessibility is selectively detected in KCl-treated neurons at activity-
dependent Fos-binding enhancers that normally become open only at P4 (green, /7= 85
enhancers) (purple, all non-Fos-binding enhancers that gain accessibilities only at P4, n=
3882 enhancers). Plots extend from the data minima to the maxima with the white dot
indicating median, the box showing the interquartile range and whiskers extending to the
most extreme data point within 1.5X the interquartile range from the box. Pvalue is from a
two-sided Wilcoxon’s test. b, Scatterplots comparing enhancer accessibilities (ATAC) in
E14.5 Ezh2 heterozygous control (ctrl) and homozygous mutant (EzA2cKO7B-RFP)
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hindbrain cells. All the barrelette enhancers in Drg11vFrV-ZsGreen’+ harrelette neurons (left),
non-Fos-binding enhancers that gain accessibilities at P4 as compared with E14.5 in
Drg11vPrv-ZsGreen/+ harrelette neurons (1= 3882 enhancers, middle, purple), neuronal
activity-dependent Fos-binding enhancers that gain accessibilities at P4 as compared with
E14.5 Drg11vPrv-ZsGreen/+ harrelette neurons (7= 85 enhancers, left, green) are shown
(Methods). 85 activity-dependent Fos-binding enhancers show precocious opening upon
H3K27me3 removal at E14.5. Also see Fig. 5d.
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Extended Data Fig. 9. dCas9-UTX overexpression in E12.5 short-term ex vivo cultured neurons
a, H3K27me3 profiles of the Foslocus in E14.5 Drg11vFrV-ZsGreen/* harrelette neurons and

E12.5 cultured hindbrain neurons at day 1 and day 7 of culture. One week hindbrain neuron
culture results in the loss of the H3K27me3 mark from the Fos gene body, similarly to one-
week embryonic cortical neuron culture (Extended Data Fig. 2a); in contrast, short-term
(day 1) cultured hindbrain neurons still maintain H3K27me3 levels comparable to E14.5
barrelette neurons. b, H3K27me3 levels at the Foslocus in short-term cultured E12.5
hindbrain neurons overexpressing control dCas9 (green) or dCas9-UTX (red) targeted to Fos
gene body: three biological replicates overlaid. Genomic regions targeted by guide-RNAs
(gRNAS) are indicated. ¢, Averaged H3K27me3 profiles of Fos (left) and the rest of the
E14.5Bip genes (right). Overexpression of control dCas9 (green) or dCas9-UTX (red) are
compared. d, (left) MA plot comparing H3K27me3 levels of dCas9 UTX against dCas9
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targeting to Foslocus. Fos (red dot) shows a loss of gene body H3K27me3 compared to
control genes carrying similar levels of H3K27me3 (green dots). (right) Density plot (green
line) shows the distribution of the logFC values of the selected control genes (greed dots),
highlighting the FoslogFC (red line) in the 1.48 % lower tail of the density plot and logFC
of E14.5Bip genes (yellow line), indicating slight but significant decrease in Fos
H3K27me3. n= 3 biologically independent neuron cultures. e, mRNA levels of Acth, Gapdh
and Fos determined by RT-gPCR in short-term cultured E12.5 hindbrain neurons over-
expressing control dCas9 (green) or dCas9-UTX (purple) targeted to Actb (left) or Gapah
(right) loci (7= 6 biologically independent neuron cultures). The median expression is
indicated by bars. Pvalues are from Welch’s two-sample two-sided #tests. NS: not

significant (P> 0.05).
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Extended Data Fig. 10. Polycomb marking of bipartite gene bodies regulates therapidity and
amplitude of transcriptional responseto relevant stimuli

a, Genome browser view of bivalent Junbin E14.5 Drg11vPrV-ZsGreen/+ harrelette neurons.
Chromatin accessibility (ATAC), H3K4me2, H3K27ac and H3K27me3 are shown. b, mRNA
levels of bipartite (Fos, Egri) and bivalent (Junb) ARGs, determined by RT-qPCR in E14.5
hindbrain cells treated by KCI for 8 (left) or 30 minutes (right) (n7= 4, biologically

independent embryos). The median expression is indicated by bars. £ values are from
Welch’s two-sample two-sided £tests. NS: not significant (p> 0.05). ¢, mRNA levels of Fos
(left) and Egr1 (right), determined by RT-gPCR in serum-starved WT (green) and £edKO
(purple) mouse ESCs (1= 4, biologically independent cultured cells) treated with a low
(1%) or high (10%) concentration of Fetal Calf Serum (FCS) for 16 minutes. WT ESCs Fos
and EgrI could be induced only after prolonged exposure (i.e. 16 minutes) to 1% FCS: also

see the effects of shorter (i.e. 8 minutes) time exposure to 1% FCS in Fig. 5f and 5g. The
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median expression is indicated by bars. Pvalues are from Welch’s two-sample two-sided &
tests.
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(FNP) (GSE89437).

Code availability

The computational analyses in this work were done in R using the mentioned publicly
available packages (see Methods, Reporting Summary, and Supplementary Methods for
more details). The custom tool monaL.isa (v0.1.28) used to do motif enrichment can be
found on GitHub: https://github.com/fmicompbio/monaL.isa. The custom tool swissknife
(v0.10) can be found on https://github.com/fmicompbio/swissknife.
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Fig. 1. Immediate early and late response genes carry distinct Polycomb signatures during

Sensory neuron development

a, Cell isolation strategy diagram. E10.5 mitotic progenitors and E14.5 (early postmitotic),
E18.5 (perinatal) and P4 (consolidated barrelette stage) barrelette neurons were isolated and
collected as indicated. b, Fos (left) and Egrl (right) immediate early gene (IEG) mRNA
reads per kilobase per million reads (RPKM) expression bar plots in E10.5 progenitors
(K20Tomato/+) ' E14 5 and E18.5 postmitotic Drgl1vFrV-ZsGreen+ parrelette (WT, green bars)
and activity-depleted Kir2.1-over-expressing E18.5 Drg11vPrV*Kir parrelette neurons (Kir-
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OE, purple bars) (17 =3 biologically independent littermates). Bar plots represent average
values and error bars show standard deviation. c, Bar plots showing fraction of Polycomb
(Pc) target gene profiles in E14.5 Drg11vFrV-ZsGreen/+ parrelette neurons. (left) Fraction of
Pc target profiles at E14.5 among the 56 barrelette sensory activity response genes (bsARGs,
Supplementary Note and Methods) compared to all other 7 =12,289 genes (RPKM < 3 at
E14.5). (right) Fraction of Pc target profiles at E14.5 among 83 non-barrelette ARGs
(nbARGs, Supplementary Note and Methods) compared to all other 7 =10,939 genes
(RPKM < 3 at E14.5, E18.5 and P4). d, Bar plots showing the fractions of Pc bivalent or
bipartite chromatin signatures among the 16 IEGs (bsARGS + nbARGsS) (left) and 83 late
response genes (LRGs, right) in E14.5 Drg11vFrV-ZsGreen’+ harrelette neurons. e, Genome
browser profiles of representative bipartite IEGs (Fos, EgrZ) and bivalent LRGs (Pdlim1,
Osmi), respectively, in E14.5 Drg11vFrv-ZsGreen/+ harrelette neurons.
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Fig. 2. Developmental cellular representation and genome-wide distribution of bipartite
chromatin, and promoter H3K 27ac and gene body H3K 27me3 coexistence at bipartite genes

a, Estimated numbers of bipartite (left) and bivalent (right) genes in E10.5 K20t Tomato/+
progenitors, E14.5, E18.5 and P4 Drg11vFrV-ZsGreen/+ parrelette neurons, E14.5 mouse heart
tissue, E14.5 mouse liver tissue, E10.5 neural crest-derived cells (NCCs), and mouse
embryonic stem cells (ESCs). b, Aggregate plots of chromatin features (ATAC-seq, ChlP-
seq, as indicated) around the transcription start site (TSS) of bipartite (left) and bivalent
genes (right) in the distinct developing cell types, as indicated. Promoters and gene bodies
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are highlighted; Yaxes of bipartite and bivalent plots are scaled so that the two plots can be
directly compared with each other for the same mark (Methods). ¢, Gene Ontology of
bipartite genes identified in the different developing cell types. d, Upset plot showing
intersections among bipartite genes in different developing cell types. Bipartite genes are
mostly tissue- and stage-specific with only a few shared. In b-d, top 100 bipartiteness scored
genes are used, as a conservative definition of bipartite genes. e, Genome browser of
bipartite Fos displaying accessibility (ATAC-seq), 2-3-kb fragment H3K27ac and
H3K27me3 single ChlP-seq, and H3K27me3/H3K27ac sequential ChlP-seq from E14.5
hindbrain. H3K27me3 and H3K27ac coexist on gene body and promoter, respectively
(Supplementary Note). f, Violin plots displaying promoter H3K27ac (left), bulk mRNA-seq
levels (middle, Smart-seq2), and single-cell fractions with detected mRNA transcripts (right,
10X Genomics) in E14.5 barrelette neurons; E14.5 bipartite genes (E14.5Bip, green, n =97)
and E14.5 non-bipartite genes with Bip-matching promoter H3K27ac levels (E14.5AcP
genes, blue, 7 =97) are compared (Supplementary Note; Methods). Plots extend from the
data minima to the maxima with the white dot indicating median, the box showing the
interquartile range and whiskers extending to the most extreme data point within 1.5x the
interquartile range. Pvalues are from two-sided Wilcoxon’s tests. NS: not significant (£ >
0.05).
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Fig. 3. Bipartite chromatin dynamics during barrelette neuron development

a, Two dimensional (2D) projection of all autosomal genes (dots) visualized in E14.5/
E18.5/P4-combined t-SNE maps, according to the chromatin profiles of Drg11vFrVv-ZsGreen/+
barrelette neurons at E14.5 (Extended Data Fig. 5b, ¢; Methods; Supplementary Note).
Contour lines: t-SNE regions enriched for bipartite (green) or bivalent genes (red). E14.5Bip
genes are mapped as black dots. Color-coded t-SNE plots (right): each gene is labelled
according to promoter H3K27ac and gene body H3K27me3 signal levels. b, t-SNE of E10.5
K20tdTomato/* progenitor gene chromatin profiles. Black dots: distribution at E10.5 of
E14.5Bip genes (summary diagram, bottom). c and d, Stage-specific developmental
dynamics of E14.5Bip gene chromatin profiles on single (E10.5) and E14.5/E18.5/P4-
combined (E14.5 and P4) t-SNE maps (Extended Data Fig. 6a). In c, five representative
E14.5Bip genes, Egrl, Fos, Bcl6, Nr3cl, and Plekhh3, becoming expressed (Exp, mMRNA
RPKM = 3) at P4, show their dynamic ‘movement’ (change of chromatin state) between
E10.5 progenitors (left), and E14.5 (middle) and P4 (right) postmitotic neurons. d, change of
spatial distribution on t-SNE between E14.5 (left) and P4 (right) of E14.5Bip genes (black
dots). (red dots), E14.5 and P4 distributions of E14.5Bip genes switching to bivalent (Biv) at
P4. eand f, Chromatin and transcriptional states of Fosand Gpr88 on genome browser in
E10.5 K20idTomato/* progenitors and E14.5, E18.5 and P4 Drg11vFrV-2sGreen/+ harrelette
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neurons. (Bottom right) Summary diagram of chromatin state developmental transitions at
Fosand Gpr88. el-e5: activity-dependent Fos enhancers.
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Fig. 4. RNA Polll transcripts of bipartite genesare not efficiently processed to productive mRNA
aand b, Violin plots of RNA expression (RNA-seq) and chromatin features (ATAC-seq and

ChlIP-seq) of bivalent, bipartite, and control gene sets, as indicated. Comparison of
Drg11vPrv-ZsGreen/+ parrelette neuron E14.5 bivalent genes (E14.5Biv, orange), E14.5
bipartite genes (E14.5Bip, green), E14.5 non-Bip genes with Bip-matching promoter
H3K27ac levels (E14.5AcP, blue), E14.5 non-Bip genes with E14.5Bip-matching mRNA
levels (E14.5mRNALow, magenta), 30% lowest (light green) and 30% highest (yellow)
expressed genes illustrating the maximal signal range (Methods). Each gene set contains 77 =
97 genes (Methods). Plots extend from the data minima to the maxima with the white dot
indicating median, the box showing the interquartile range and whiskers extending to the
most extreme data point within 1.5x the interquartile range from the box. P valies are from a
two-sided Wilcoxon’s tests between each gene set and the E14.5Bip gene set, labeled as
‘ref” for reference. NS: not significant (P> 0.05).
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Fig. 5. Polycomb marking of gene bodiesinhibits productive mRNA processing and regulates
rapidity and amplitude of transcriptional responseto stimuli

a, Violin plots of gene body H3K27me3 (left) and H3K27ac (right) levels of bipartite
(E14.5Bip, 7 =100, Methods) genes in control K20/7omato/* \WT, green) and
Ezh2cKO™-RFP (purple) conditional knockout E14.5 hindbrain cells. b, MA-plot comparing
productive Smart-seq2 mRNA levels of E14.5Bip genes (red dots, 7 =100) between E14.5
Ezh2cKO™3-RFP and wild type (WT) hindbrain cells. c, Fractions of total RNA-seq reads at
gene transcription start site (TSS) proximal regions (Methods) in E14.5 WT compared to
Ezh2cKO™3-RFP hindbrain cells. A blue smooth scatter represents the density of all genes.
The E14.5Bip genes, (red dots, 7 =82 genes; genes with CPM < 1 are not shown), show
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improved elongation in £zh2cKO%-RFP versus WT (Extended Data Fig. 7d). d, Violin plots,
log, fold changes of enhancer chromatin accessibilities in E14.5 £zh2cKO
(Ezh2cKO"B-RFP\ homozygous mutant as compared to heterozygous control neurons;
activity-dependent Fos-binding enhancers, normally open only at P4 (green, 7 =85
enhancers), gain precocious accessibility when compared to all the remaining enhancers
only open at P4 (purple, n =3,882) (Methods). e, Fos, Egrl, Arcand KIf4 mRNA levels by
RT-gPCR in short-term cultured E12.5 hindbrain neurons over-expressing control dCas9
(green) or dCas9-UTX (purple) targeted to Fos (left, 7 =7 biologically independent neuron
cultures) or Egrl (right, n =6 biologically independent neuron cultures) gene bodies. f, Fos
(left) and Egr (right) mRNA levels by RT-qPCR in serum-starved WT (green) and £edKO
(purple) mouse ESCs treated with low (1%) or high (10%) concentration of fetal calf serum
(FCS) for 8 minutes (n =4, biologically independent cultured cells). 1% FCS is not
sufficient to induce rapid transcriptional responses in WT, unlike in £edKO, ESCs. 10%
FCS induces rapid transcriptional responses in both WT and mutant, though levels are
higher in £edKO ESCs. g, Summary of Polycomb-dependent regulation of rapidity and
amplitude of bipartite gene transcriptional response to environmental stimuli with distinct
strengths. In aand d, plots extend from the data minima to the maxima with the white dot
indicating median, the box showing the interquartile range and whiskers extending to the
most extreme data point within 1.5x the interquartile range. P valies are from paired two-
sided Wilcoxon’s tests. In eand f, the median expression is indicated by bars. P vakies are
from Welch’s two-sample two-sided #tests. NS: not significant (P> 0.05).
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Fig. 6. Polycomb marking of bipartite genes bodies hampers productive mRNA elongation by
inhibition of stimulus-dependent NEL F release and chromatin compaction

a, Violin plots visualizing log, fold changes of NELF-b and RNAPII-S5P levels at
promoters in EedKO versus wild-type (WT) ESCs; decreased NELF-b and RNAP-S5P
levels are selectively detected in ESC bipartite (Bip) (green, top 100 bipartiteness scoring
genes in ESCs, n =100) as compared to non-Bip (purple) genes. Plots extend from the data
minima to the maxima with the white dot indicating median, the box showing the
interquartile range and whiskers extending to the most extreme data point within 1.5% the
interquartile range. P values are from a two-sided Wilcoxon’s test. b and c, Scatter plots

Nat Genet. Author manuscript; available in PMC 2021 August 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kitazawa et al.

Page 46

comparing gene body Ring1b levels (b) and promoter and gene body accessibilities (c)
between WT and E£z/11KO,;Ezh2KO ESCs. Bipartite genes (/7 = 100) are highlighted in red. d
and e, mRNA expression and gene body accessibilities of bipartite Fosand Egr are
visualized in £edKO (purple) as compared to WT (green) ESCs in serum-containing (d) and
serum-starved (€) conditions. In the serum-starved condition, even though Fosand Egrl
MRNA levels do not differ between WT and EedKO ESCs, gene body accessibilities
(ATAC) are higher in £edKO as compared to WT ESCs. mRNA (77 =4, biologically
independent cell cultures), accessibility (7= 6, biologically independent cell cultures) levels
at Fosand Egrl loci were quantified by qPCR and the median is indicated by bars. P vatues
are from Welch’s two-sample two-sided #tests. NS: not significant (P> 0.05).
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Fig. 7. Mechanism of stimulus-dependent transition from bipartite to active chromatin
a, Violin plots visualizing log, fold changes of promoter phosphoCREB (pCREB) levels of

E14.5Bip genes from E14.5 to P4; E14.5Bip genes that become expressed (Exp, blue, 7 =20

genes), bivalent (Biv, red, n
are compared. Plots extend fr

=25 genes) or remain bipartite (Bip, green, 7 =55 genes) at P4

om the data minima to the maxima with the white dot

indicating median, the box showing the interquartile range and whiskers extending to the
most extreme data point within 1.5x the interquartile range. b, After over-night (o/n)
treatment with TDN = TTX + D-AP5 + NBQX (activity blockers, inhibitors of sodium
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channel, NMDAR and AMPAR), E12.5 short-term cultured hindbrain neurons were treated
by 55 mM KCI for short (8 minutes) and prolonged (60 minutes) time courses at day 2.
H3K27me3 decrease is detectable as early as 8 minutes after KCI treatment. b, ¢, d, f, g, h,
j,» qPCR quantification of mMRNA, H3K27ac and H3K27me3 levels from 1 =3 biologically
independent neuron cultures (median indicated by bars). ¢, Shorter (1 day) or longer (4 days)
E12.5 hindbrain neurons cultures in presence or absence of the TDN cocktail. d, E12.5
short-term cultured hindbrain neurons treated by KCI for one hour in absence or presence of
GSK-J4 at day 2. KCI treatment causes H3K27me3 removal from bipartite IEGs through
active demethylation. e, MA-plot comparing gene body H3K27me3 levels of E14.5Bip
genes that become expressed at P4 (red dots, 7 =20 genes; see a) between E18.5 Jmjd3KO
and wild-type (WT) hindbrain. f, Short (8 minutes) or prolonged (60 minutes) KCI treatment
of E12.5 short-term cultured hindbrain neurons) in absence or presence of GSK-J4 at day 2,
showing that inhibition of H3K27me3 removal prevents rapid induction of bipartite IEGs. g,
One-hour KCI treatment of E12.5 short-term cultured hindbrain neurons in absence or
presence of A-485 at day 2. h, Short (8 minutes) KCI treatment of E12.5 short-term cultured
hindbrain neurons in absence or presence of A-485 at day 2. Inhibition of de novo promoter
H3K27ac prevents rapid KCl-dependent induction of bipartite IEGs. n= 3, P valies are from
a two-sided #test. NS: not significant (P> 0.05). i, Diagram of H3K27 demethylase (GSK-
J4) or acetyltransferase (A-485) inhibitor treatments on neuronal activity-dependent
transcriptional induction of bipartite IEGs after short (8 minutes) or prolonged (60 minutes)
exposure to strong inducing stimulus (55 mM KCI). j, One-hour KCI treatment of E12.5
short-term cultured hindbrain neurons in absence or presence of flavopiridol (Flav) at day 2.
KCl-induced H3K27me3 removal of bipartite IEGs appears to be dependent on de novo
promoter H3K27ac but not on transcriptional elongation. k, (left) Scatter plot showing log,
fold changes of gene body H3K27ac (x axis) and H3K27me3 () axis) levels upon overnight
Trichostatin A (TSA) treatment in short-term cultured E12.5 hindbrain neurons. E14.5Bip
gene distribution is mapped. Colors indicate the log, fold changes of mMRNA levels of
E14.5Bip genes. (bottom) Genome browser of Fosin TSA-treated short-term cultured
hindbrain neurons. H3K27me3 levels are reduced by expansion of H3K27ac in the coding
region (green highlight). In b, ¢, d, g, j, P values are from ANOVA followed by Tukey’s
HSD post-hoc tests, NS: not significant (> 0.05). In f and h, P values are from Welch’s
two-sample two-sided #tests, NS: not significant (P> 0.05).
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This signature maintains the potential for fast induction by relevant stimuli,
while preventing inappropriate induction by non-relevant stimuli

Fig. 8. Polycomb-dependent regulation of stimulus-response genes during development.
During development, a subset of stimulus-response genes displays a bipartite chromatin

signature that carries active H3K27ac*/H3K4me2* on promoters but repressive H3K27me3*
on gene bodies (middle). The bipartite signature originates from H3K27me3*/H3K4me2*
bivalent chromatin maintaining a transcriptionally poised state and non-productive
transcription (left). Distinct transcription factors cause partial resolution of a subset of
bivalent poised promoters of stimulus-response genes into the bipartite state. Active
promoters of bipartite genes carry actively initiating RNAPII (high 8WG16, S5P and S7P);
however, productive mRNA processing and elongation in gene bodies are maintained at a
low rate (low RNAPII-S2P and H3K36me3) due to inhibition of stimulus-dependent NELF
release and chromatin compaction by Pc (Ezh1/2, Eed)-dependent H3K27me3 (inhibition
sign). Pc-dependent marking on gene bodies also inhibits spreading of H3K27ac and
accessibility in bipartite gene body regions (mutual inhibition signs). The bipartite state is
dynamic and could revert to bivalency. The bipartite signature maintains the potential for
fast induction by relevant/strong stimuli, while preventing inappropriate induction by non-
relevant/weak stimuli. Inducing stimuli cause de novo promoter H3K27 acetylation, which
causes H3K27 demethylase (Kdm6; i.e. UTX and Jmjd3)-dependent rapid removal of the Pc
mark from bipartite gene bodies (inhibition sign) and fast transcriptional response by
transcription factors (right).
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