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SUMMARY

The maturation of the mammalian brain occurs after birth, and this stage of neuronal development is
frequently impaired in neurological disorders, such as autism and schizophrenia. However, the mechanisms
that regulate postnatal brain maturation are poorly defined. By purifying neuronal subpopulations across
brain development in mice, we identify a postnatal switch in the transcriptional regulatory circuits that oper-
ates in the maturing mammalian brain. We show that this developmental transition includes the formation of
hundreds of cell-type-specific neuronal enhancers that appear to be modulated by neuronal activity. Once
selected, these enhancers are active throughout adulthood, suggesting that their formation in early life
shapes neuronal identity and regulates mature brain function.

INTRODUCTION

During postnatal brain development, postmitotic neurons migrate
to specific regions of the brain, form and refine their synapses, and
begin to express specific neurotransmitters and neuropeptides.
This maturation of neurons and neural circuits occurs in the first
few years of life in humans at the time that neurological disorders,
such as autism and intellectual disability, are first detected (Marin,
2016). By the time this critical period of postnatal brain develop-
ment ends in late adolescence, the time when psychiatric disor-
ders, such as schizophrenia and bipolar illness, manifest, a
diverse population of neurons has been created, in which each
specialized neuronal subtype has a unique function.

Gene expression patterns in large part determine neuronal
identity and contribute to the differences in the properties of
mature neuronal subtypes that make up the brain. Previous
studies have correlated the expression of subsets of genes
with the process of neuronal maturation. For example, inter-
neuron maturation is associated with an increase in the expres-
sion of genes that encode GABA transporters (Conti et al., 2004)
and GABAA receptors (Le Magueresse and Monyer, 2013), which
modulate increases in firing frequency during development. At a
similar postnatal time period, there is a change in NMDA gluta-
mate receptor subunit composition (Sheng et al., 1994; Williams
et al., 1993), leading to shorter NMDA-mediated excitatory post-
synaptic currents (Flint et al., 1997).

A feature of postnatal brain development is its dependence
upon sensory experience (Wiesel and Hubel, 1963). A variety of

neuronal-activity-dependent processes have been described
that are critical for brain maturation, including changes in the
expression of neurotransmitters and neurotransmitter receptors
and the local translation of mRNAs at synapses (Fiumelli et al.,
2005; Spitzer, 2017; Yap and Greenberg, 2018). Although sen-
sory experience is known to activate extensive programs of
gene transcription within the nucleus (Chen et al., 2017; Yap
and Greenberg, 2018), it is not clear whether these programs
are important for postnatal neuronal maturation or exclusively
regulate brain homeostasis and plasticity in the mature nervous
system. An alternative possibility is that sensory-experience-in-
dependent gene expression programs couple with activity-
dependent changes that occur locally at synapses to promote
postnatal neuronal maturation (Berry and Nedivi, 2016).

To understand how neurons mature in normal brains and how
this process goes awry in disease, we sought to identify the reg-
ulatory mechanisms that control neuronal subtype-specific gene
expression in the postnatal period. Neuronal gene expression is
controlled by two types of regulatory sequences: promoter se-
quences that function proximal to the transcriptional start site
(TSS) and enhancers that function at sites that can be a long dis-
tance away from the TSS.

During brain development, it is not known when and how
enhancer selection takes place. In particular, it is not clear
whether the cells’ enhancer repertoire is selected prior to or after
the last cell division and whether or not new enhancer land-
scapes are selected as neurons mature in the postnatal period.
Although it is known that changes in expression of specific genes

Neuron 707, 1-17, September 9, 2020 © 2020 Elsevier Inc. 1



mailto:michael_greenberg@hms.harvard.edu
https://doi.org/10.1016/j.neuron.2020.06.008

doi.org/10.1016/j.neuron.2020.06.008

Please cite this article in press as: Stroud et al., An Activity-Mediated Transition in Transcription in Early Postnatal Neurons, Neuron (2020), https://

¢ CellPress

and their cognate regulatory elements (GREs) take place during
postnatal brain maturation (Frank et al., 2015; Nord et al., 2013;
Reilly et al., 2015; Visel et al., 2013), the molecular mechanisms
that mediate these developmental changes are poorly
understood.

RESULTS

Transitions in Transcription Profiles in Defined Neuronal
Subtypes during Early Life

To gain insight into the developmental programs underlying
neuronal maturation in the postnatal brain, we purified and
compared two non-overlapping interneuron subpopulations—
vasoactive intestinal peptide-expressing (Vip) and somato-
statin-expressing (Sst) neurons that play distinct roles in
regulating cortical circuits: Sst neurons are wired into neuronal
networks to inhibit pyramidal neurons, whereas Vip neurons
specialize in inhibiting Sst neurons, thus providing a brake on in-
hibition within neural circuits (Pfeffer et al., 2013; Urban-Ciecko
and Barth, 2016).

To examine gene expression profiles in lineage-committed Vip
and Sst neurons, we used the INTACT protocol (Mo et al., 2015)
to affinity purify mouse cortical nuclei from specific neuronal
subtypes at postnatal 1, 3, and 8 weeks (adults) and performed
RNA sequencing (RNA-seq) (Figure 1A). These time points were
chosen because most interneurons have reached the cortex by
1 week and most cortical neurons have functionally matured
by 3 weeks (Le Magueresse and Monyer, 2013; Miyoshi and
Fishell, 2011).

We found that Sst- and Vip-expressing neurons are present
within the cortex and enriched for Sst and Vip mRNA transcripts,
respectively, at 1 week of age, indicating that these neuronal
subtypes are already formed at this time (Figure 1B). The 8-
week (adult) Sst and Vip neuronal nuclear RNA-seq data were
in general agreement with published ribosome-bound RNA-
seq data from corresponding adult cell types (Mardinly et al.,
2016; Sst: p = 0.80; Vip: p = 0.77; Figure S1A). Comparison of
the gene expression profiles of 1-week Sst and Vip neurons sug-
gested that, at this time, there are already substantial differences
between the two subtypes (Figure S1B).

Previous work has identified several genes, including cadherin
genes Cdh7 and Cdh11, that distinguish subpopulations of
mature Sst and Vip neurons (Paul et al., 2017). We found that
these genes are already expressed in the mouse brain at
1 week of age, and their expression does not change substan-
tially during the first 8 weeks of life, suggesting that the identity
of these neurons is partly established by 1 week after birth for
both Sst and Vip neuronal subtypes (Figure S1C).

It is known that, between 1 week and 3 weeks, interneurons
acquire distinct morphological and electrophysiological proper-
ties (Le Magueresse and Monyer, 2013), suggesting that there
could be changes in the expression of some neuronal subtype-
specific genes during this time period. We found that the expres-
sion of embryonic genes is significantly downregulated between
postnatal week 1 and 3, whereas other genes, including those
that encode proteins with synaptic functions, became activated
during this same time period (Figures 1C-1F and S1D-S1F). By
contrast, fewer changes were observed between 3 weeks and

2 Neuron 107, 1-17, September 9, 2020

Neuron

8 weeks, suggesting that changes in gene expression that occur
during early postnatal life are relatively stable and persist into
adulthood. These findings were confirmed by fluorescence-acti-
vated cell sorting (FACS) of Sst- and Vip-expressing nuclei fol-
lowed by single-nucleus RNA-seq of immature (postnatal day 7
[P7]) or mature (8-week) neurons (Figures 1G, 1H, S1G,
and S1H).

Approximately 20%-30% of the neuronal genes that are
upregulated during the postnatal period are induced in a
neuronal subtype-specific manner (Figure S1F). For example,
Vip neurons, but not Sst neurons, express nicotinic acetylcholine
receptors, Chrna5 and Chrna7 (Figure 1F). A feature of Vip neu-
rons, but not other neuronal subtypes, is that the neurons
respond to forebrain stimulation by nicotinic acetylcholine (Alitto
and Dan, 2013). This suggests that postnatal activation of
Chrna5 and Chrna7 genes confers this specific property to Vip
neurons.

Identification of Enhancers Associated with Changes in
Transcription Programs

We next characterized the molecular mechanisms that control
these early life shifts in gene expression. We first identified the
active promoters and enhancers across the genomes of Sst
and Vip neurons at various times during the postnatal period
(1 week, 3 weeks, and 8 weeks) using chromatin immunoprecip-
itation followed by sequencing (ChIP-seq) for histone H3 lysine
27 acetylation (H3K27ac), a histone mark that is present at active
promoters and enhancers (Heintzman et al., 2009).

We performed ChIP-seq using anti-H3K27ac antibodies to
generate genome-wide maps of all putative active GREs in Sst
and Vip neurons within mouse cortices at each postnatal stage.
We identified over 30,000 putative active GREs for each neuronal
subtype at each postnatal stage (Figures 2A, 2B, S2A, and S2B).
We performed ATAC-seq on Sst and Vip neurons at 1 week and
8 weeks. ATAC-seq is a method that assesses chromatin accessi-
bility based on in vitro transposase accessibility to chromatin
(Buenrostroetal., 2013) and allows GREs, such as enhancers, pro-
moters, and insulators, to be mapped at higher resolution than that
achieved using histone modifications alone (see STAR Methods).

To identify postnatally regulated enhancers, we defined
ATAC-seq peaks where flanking H3K27ac levels (500 bp from
ATAC-seq peak summits) significantly change between imma-
ture and mature neurons (>2-fold; false discovery rate [FDR] <
0.01 cutoff). These analyses resulted in identification of hun-
dreds of genomic sites where the level of H3K27ac changes
significantly during postnatal neuronal development (Figures
2C and S2C). Essentially all changes in the H3K27ac level were
detected between 1 and 3 weeks, coinciding with the timing of
changes in gene expression described above (Figure 1). Impor-
tantly, by analyzing aged mice (~20 months), we confirmed that
postnatally repressed or activated enhancers are maintained in
the repressed or activated state, respectively, throughout adult-
hood (Figure 2C). Although changes in H3K27ac were also de-
tected at the promoters of genes whose expression changes
during the postnatal period, we observed that about 90% of
the significant changes in H3K27ac occurred at least 1 kb
away from all annotated transcription start sites (Figure 2D).
We defined H3K27ac regions that are at least 1 kb distal to an
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Figure 1. Dynamic Changes in Neuronal Gene Expression Programs within Early Postnatal Brains

(A) An overview of the experimental design.

(B) Genome browser views confirming specific enrichment of Sst and Vip transcripts in INTACT-isolated Sst- and Vip-expressing nuclei, respectively. The y axis
units represent reads per kilobase per million mapped reads (RPKM). At the bottom of the panel, the exon and intron structure of the Sst and Vip genes is shown.
(C) Normalized expression levels of representative genes that are postnatally repressed encoding proteins involved in embryogenesis. Error bars represent SD
between biological replicates. *FDR < 1e-4; DEseqg2.

(D) Normalized expression levels of representative genes that are postnatally repressed encoding co-transporters and receptors. *FDR < 1e-4; DEseq2.

(E) Normalized expression levels of representative genes that are postnatally activated encoding proteins involved in synaptic function. *FDR < 1e-4; DEseq2.
(F) Normalized expression levels of representative genes that are selectively postnatally activated in Vip neurons, but not in Sst neurons. “*FDR < 1e—4; DEseq2.
(G) Scheme of the experimental design for high-throughput single-nucleus RNA sequencing of FACS-sorted Sst- or Vip-expressing nuclei.

(H) Postnatal regulation of gene expression in neurons is a shared feature across subpopulations of Sst and Vip neurons. The normalized mean transcript counts
per nucleus in different subpopulations of Sst or Vip neurons were calculated across all genes (black bars), postnatally repressed genes (defined by INTACT RNA-
seq, blue bars), and postnatally activated genes (defined by INTACT RNA-seq, red bars). Sst subpopulations expressing Cdh7 or Nos1 and Vip subpopulations
expressing Cck or Egfr are shown. Genes that were not expressed at either developmental time points were excluded from the analysis. *p < 1e-5; Wilcoxon rank
sum test.
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Figure 2. Dynamic Gene-Distal Enhancers Reflect Early Postnatal Changes in Transcription Profiles

(A) Genome browser views of H3K27ac patterns in Sst and Vip neurons. H3K27ac patterns across a postnatally repressed gene (Notch3; left) and an activated
gene (Scn1a; right) are shown. The gene expression levels of the two genes are also shown. Error bars represent SD between biological replicates. “*FDR < 1e-4;
DEseq?2.

(B) Genome-wide correlation between postnatal changes in gene expression and postnatal changes in H3K27ac at TSS. The average postnatal changes (be-
tween 1 week and 3 weeks) in H3K27ac read densities within 500 bp of annotated TSS were binned according to the postnatal changes in gene expression levels
(200 genes per bin). H3K27ac levels after random grouping of genes are shown as controls in faded gray lines. p < 0.001; permutation test.

(C) Most postnatal changes in H3K27ac occur by 3 weeks after birth in both Sst and Vip neurons. Genomic regions that significantly change in H3K27ac levels
between 1 week and adult (8 weeks) were defined (+500 bp of ATAC-seq summit; see STAR Methods), and densities of H3K27ac at 1 week, 3 weeks, 8 weeks,
and aged (~20 months) were plotted.

(D) Most postnatal changes in H3K27ac occur at gene-distal sites. Proportion of H3K27ac regions proximal to promoters or distal to genes (i.e., greater than 1 kb
away from nearest annotated TSS) are shown. *p < 1e—4; hypergeometric distribution.

(E) A subset of enhancers is selectively activated postnatally in either Sst (n = 91) or Vip (n = 116). Enhancers that were significantly activated in Sst, but not Vip,
and vice versa were defined. *p < 1e-7; Wilcoxon rank sum test.

(F) A postnatally activated enhancer in Rorg neurons upstream of the Bdnf gene. Genome-browser views of gene expression and H3K27ac signal, as well as
quantifications of H3K27ac within the distal Bdnf enhancer in Ror3, Sst, and Vip neurons are shown. *p < 0.05; two-tailed t test.

annotated TSS as putative active enhancers. These findings indi-
cate that most changes in GRE activity during postnatal neuronal
development occur at enhancers that are distal to genes, sug-
gesting that these genomic elements control the postnatal tran-
scriptional changes.

We next linked the gene-distal changes in H3K27ac regions to
the closest TSS of genes and found that decreases in H3K27ac
were significantly associated with genes whose transcription is
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downregulated during the postnatal period, whereas the in-
creases in H3K27ac were associated with genes whose tran-
scription is upregulated during this time period (Figure S2D).
Thus, the postnatal developmental shifts in the activity of
gene-distal enhancers are tightly correlated with postnatal
gene expression changes.

Because the transcriptional activation of genes during post-
natal neuronal development is in part neuronal subtype-specific,
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we examined whether changes in H3K27ac also occur in a sub-
type-specific manner. This analysis revealed that a subset of en-
hancers is activated in a subtype-specific manner during the
postnatal period (Figures 2E and S2E). To control for genetic dif-
ferences between the two mouse strains that could in principle
lead to differential enhancer activity, we analyzed unpurified
nuclei (i.e., not selected for Sst- or Vip-expressing nuclei) from
each mouse strain and confirmed that there are no significant dif-
ferences in enhancer activity between the two mouse strains.
This suggests that the neuronal subtype-specific postnatal
enhancer activation is not driven by genetic differences between
the two strains of mice (Figure S2F).

We next asked whether these enhancers have human ortho-
logs that are enriched for genetic variants associated with dis-
ease. Using a partitioned heritability approach by linkage
disequilibrium-score regression (Finucane et al., 2015), we find
that both Sst and Vip postnatally activated enhancers, as well
as constitutively active postnatal enhancers that are conserved
between mice and humans, are significantly enriched for genetic
variants associated in schizophrenia (Figure S2G). In contrast,
there is no statistically significant enrichment for these genetic
variants within the set of enhancers that are repressed as the
brain matures postnatally. In addition, there is no enrichment
within the Sst or Vip postnatally activated enhancer sets for ge-

tion of enhancers that we detect in Sst
and Vip interneurons early after birth is
specifically a feature of interneurons. To
this end, we examined the postnatal
developmental dynamics of enhancers
and gene transcription in Rorf-expressing
nuclei. Ror@ is expressed selectively in
excitatory neurons that form layer IV of
the cortex, a brain region that initiates sensory processing in
the cortex (Molyneaux et al., 2007). We isolated Ror-expressing
nuclei from P7 and 8-week cortices and confirmed that Rorg
neurons also undergo postnatal changes in enhancer land-
scapes and gene expression programs (Figures 2F and S2H-
S2J). Enhancers that are postnatally activated in Ror neurons
were largely distinct from those observed in Sst or Vip neurons
(Figure S2K).

Sst Vip

Identification of Putative TFs that Orchestrate Postnatal
Changes in Neuronal Enhancer Profiles

To identify mechanisms by which cohorts of enhancers are de-
commissioned or licensed during postnatal neuronal maturation,
we searched our RNA-seq data from each neuronal subtype for
transcription factors (TFs) that are differentially expressed in
immature neurons compared to mature neurons and thus might
regulate the neuronal maturation gene expression switch. We
identified a large number of TFs (N = 200) that are downregulated
upon maturation, whereas a more limited number of TFs (N = 15)
are upregulated (Figure 3A). The TFs significantly downregulated
as neurons mature are largely overlapping between Sst and Vip
neurons (>90% overlap), suggesting a shared regulatory mech-
anism by which neurons turn down gene expression. We identi-
fied genes encoding chromatin remodelers and transcriptional
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activators that are highly expressed in immature neurons but are
downregulated as neurons mature, including members of the
Ets, Neurod, Tcf, and Sox families that are known to play a role
in early neuronal differentiation and cell fate determination (Fig-
ures 3B and S3A). By aligning the ATAC-seq data with the
H3K27ac maps and searching for an enrichment of TF motifs
within these regulatory sequences (Figure 3C), we found that
the binding sites for TCF3 and NEUROD TFs are enriched within
the enhancers that are downregulated during postnatal neuronal
development, raising the possibility that these enhancers might
in part be activated by TCF3, NEUROD, and other TFs in imma-
ture neurons and that the subsequent downregulation of TCF3
and NEUROD expression might contribute to the repression of
these enhancers as neurons mature after birth (Figure S3B).

De Novo DNA Methylation Promotes Transcriptional
Repression by Decommissioning Embryonic GREs

We asked whether additional mechanisms might also
contribute to the inactivation of enhancers during the postnatal
period, such as the methylation of cytosines and recruitment of
methylcytosine binding repressor proteins. DNA methylation is
essential for normal brain development, inasmuch as mutations
in DNMT3A, the enzyme that catalyzes cytosine methylation in
the brain, have been found to be a cause of autism spectrum
disorder (ASD) and/or intellectual disabilities (Sanders et al.,
2015; Tatton-Brown et al., 2014). In neurons, DNA methylation
accumulates during the first few weeks of life (Lister et al.,
2013), coinciding with the timing of postnatal neuronal
enhancer repression. Notably, embryonic enhancers that
become repressed in adult cortices acquire DNA methylation,
suggesting a role for DNA methylation in enhancer repression
(Lister et al., 2013; Mo et al., 2015). To investigate this possibil-
ity further using defined subsets of postmitotic neurons, we
performed whole-genome bisulfite sequencing (WGBS) on Sst
neurons at the 1-, 3-, and 8-week time points to generate
base-resolution maps of DNA methylation in developing Sst
neurons (Figures 4A and S4A). We then compared these data-
sets with each other and with WGBS data obtained from simi-
larly prepared Vip neurons (Stroud et al., 2017). Differential
methylation analyses identified discrete regions (mean size
~200 bp) that significantly increase in methylation in Sst and
Vip neurons between 1 and 3 weeks after birth. About 90%
of these increased methylated regions (IMRs) are located at
gene-distal sites, and gene-ontology analyses significantly
associated the IMRs with genes involved in embryonic devel-
opment (Figure S4B), suggesting that the majority of the IMRs
may be embryonic GREs (eGREs). To assess the role of the
postnatal increase in DNA methylation on postnatal enhancer
repression, we focused on IMRs that are still open (ATAC signal
is detected) at 1 week after birth but become inactivated by
8 weeks (ATAC signal is not detected; Figure S4C).

To determine whether cytosine methylation contributes to
eGRE repression, we assessed the effect of blocking enhancer
cytosine methylation by disrupting the function of DNMT3A.
We first asked whether DNMTB3A is required for methylation at
the regulatory elements using Sst-cre or Vip-cre mice crossed
to Dnmt3a™" and SUN1 mice to specifically delete DNMT3A in

Sst or Vip neurons (Sst-cre; Dnmt3a™; Sun1 and Vip-cre;
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Dnmt3a™™; Sunt). Sst- or Vip-expressing nuclei were INTACT
purified from the adult cortex from knockout (KO) or wild-type
littermate controls (Sst-cre; Dnmt3a*’*; Suni and Vip-cre;
Dnmt3a*’*; Sunt; Figure 4B). We generated base-resolution
maps of DNA methylation from INTACT-purified Sst- or Vip-ex-
pressing nuclei (Figure S4D) and focused our analysis on methyl-
ation at the eGRE sequences. We found that, in Dnmt3a KO
neurons compared to wild-type neurons, there is a significant
decrease in cytosine methylation at eGREs (Figure 4C), confirm-
ing that DNMT3A mediates the postnatal increase in methylation
at these sequences.

We next performed H3K27ac and H3K4me1 ChiP-seq ana-
lyses on adult (>8-weeks-old) Sst- or Vip-specific Dnmt3a condi-
tional KO neurons. When compared to wild-type neurons, in the
Dnmt3a conditional KO neurons, eGREs as an aggregate display
a modest but reproducible increase in both H3K27ac and
H3K4me1 (Figures 4D and S4E), suggesting that, in wild-type
neurons, DNA methylation in part contributes to the inactivation
of eGREs.

Finally, we sought to gain mechanistic insights into how
DNMT3A-mediated methylation represses eGREs. One way
by which methylation exerts its effect is via the recruitment
of methylation-reader proteins to the DNA. The methyl-DNA
binding protein, MECP2, binds to methylated cytosines
across the neuronal genome and recruits the transcription
co-repressor NCOR (Lyst et al., 2013; Skene et al., 2010). Mu-
tations in MECP2 give rise to Rett syndrome, a postnatal
development disorder that is a common cause of severe
neurologic impairment in females (Chahrour and Zoghbi,
2007). Although MECP2 has recently been shown to regulate
enhancers (Clemens et al., 2020), whether MECP2 plays a role
in repression of eGRE activity is not known. We hypothesized
that MECP2 binds to the methylated cytosines across the
eGREs (Figure S4F) and recruits the transcription co-
repressor NCOR to exert eGRE repression. To investigate
this possibility, we analyzed MECP2 binding patterns in adult
DNMT3A KOs (Nestin-cre; Dnmt3a™"; Dnmt3a cKO) and
Mecp2 KO cortices and in their respective littermate wild-
type control cortices. We performed CUT&RUN, a sensitive
assay that allows for in situ mapping of protein-DNA interac-
tions in native chromatin states across the genome (Skene
and Henikoff, 2017). We detect MECP2 binding across eGREs
in adult wild-type, but not in adult Mecp2 KO, cortex, thus
confirming the specificity of the anti-MECP2 antibody for de-
tecting MECP2 binding to DNA (Figure 4E). Upon deletion of
DNMT3A, MECP2 binding across eGREs is significantly
reduced, suggesting that MECP2 is recruited to these sites
by DNMT3A-mediated methylation (Figure 4F). Similar to our
observations using conditional Sst- and Vip-specific Dnmt3a
KO neurons, we observed increases in H3K27ac at eGREs
in whole brain-specific Dnmt3a cKO cortices compared to
wild-type cortices, suggesting that, upon DNMT3A deletion,
these sites become more active (Figures 4G and S4G). Dele-
tion of MECP2 results in only a modest increase in H3K27ac
at eGREs compared to the effect seen in the Dnmt3a cKO
cortices, suggesting that, although MECP2 contributes to
eGRE repression, it is not the only factor that mediates repres-
sion of these sites (Figures 4G and S4G). These findings
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Figure 4. De Novo Methylation-Mediated Enhancer Decommissioning

(A) Genome-browser views of base-resolution DNA methylation data across two gene-distal postnatally repressed enhancers.

(B) Cell-type-specific DNMT3A deletion and analysis. In Sst-specific Dnmt3a cKO mice, both DNMT3A deletion and SUN1-GFP expression selectively occurs in
Sst neurons. In Vip-specific Dnmt3a cKO mice, both DNMT3A deletion and SUN1-GFP expression selectively occurred in Vip neurons. This strategy enabled
INTACT purification of Sst- or Vip-expressing nuclei for further analyses.

(C) DNMT3A mediates the postnatal CG methylation at embryonic GREs (eGREs). Adult CG methylation was quantified within eGREs in Sst and Vip neurons.
Dnmt3a KO Sst neurons from Sst-specific Dnmt3a cKO mice were compared to wild-type Sst neurons from littermate wild-type mice. Dnmt3a KO Vip neurons
from Vip-specific Dnmt3a cKO mice were compared to wild-type Vip neurons from littermate wild-type mice. *p < 1e-18; Wilcoxon rank sum test.

(D) Increase in enhancer activity of eGREs is observed in adult Sst Dnmt3a KO (top) or Vip Dnmt3a KO (bottom) neurons compared to wild type. The average
distribution of H3K4me1 and H3K27ac in adult (>8 weeks) wild-type or Dnmt3a KO neurons across eGREs were plotted.

(E) MECP2 binding is enriched across eGREs in whole cortex. Average MECP2 CUT&RUN read distribution in adult wild-type and Mecp2 KO cortices across
eGREs that normally gain methylation postnatally (shown in Figure S4F) was plotted. Faded lines represent respective IgG controls.

(F) MECP2 binding across eGREs is reduced upon deletion of DNMT3A. Average MECP2 CUT&RUN read distribution in wild-type and Dnmt3a cKO cortices
across eGREs. Faded lines represent respective IgG controls.

(G) Enhancer activity increases in eGREs in adult Mecp2 or Dnmt3a cKO cortices. Average H3K27ac CUT&RUN read distribution across GREs in wild-type and
Mecp2 KO (left) or Dnmt3a cKO cortices (right) across eGREs. Faded lines represent respective IgG controls. Note that the IgG controls shown here are the same
as those in (E) and (F).

suggest that cytosine methylation and MECP2 binding facili-  achieving long-term enhancer silencing in neurons—postmi-
tate eGRE repression in part via MECP2 recruitment. Due to  totic cells that survive and function for the lifetime of an
its stability, DNA methylation is an attractive mechanism for animal.
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Figure 5. Formation of De Novo Enhancers that Promote the Postnatal Switch

(A) Workflow of using in situ chromatin conformation HiChIP analysis to determine enhancer connectomes in Sst and Vip neurons in vivo.

(B) Postnatally activated enhancers significantly interact with genes that increase in expression levels postnatally. Gene-distal enhancers (i.e., at least 1 kb away
from nearest annotated TSS) were linked to genes they interact with at the TSS (i.e., TSS + 500 bp). *p < 0.01; hypergeometric distribution.

(C) A postnatally Sst-specific activated enhancer downstream of the Gprc5b gene that physically interacts with the TSS. The gene expression levels of Gprc5b are

also shown. Error bars represent SD between biological replicates.

(D) Co-acquisition of H3K4me1 and H3K27ac marks during the postnatal period. H3K4me1 and H3K27ac levels were quantified within postnatally activated

enhancers that lack H3K27ac at P7 (i.e., are inactive at P7).

(E) Prior to activation, postnatally activated enhancers tend to be marked by CG methylation. Methylation levels at P7 were quantified across GREs within all
enhancers and postnatally activated enhancers. *p < 1e-41; Wilcoxon rank sum test.

De Novo Formation of Enhancers that Shape Neuronal
Identities during Early Life

A difference between the genes that are repressed during matu-
ration and genes that increase in expression is that the postnatal
increase in gene expression occurs in a manner that is partially
cell type specific. Although the gene closest to the enhancer is
often the target of the enhancer, recent studies have demon-
strated this rule does not always hold true (Javierre et al.,
2016; Mifsud et al., 2015). To understand how neuronal sub-
type-specific activation of enhancers and their target genes oc-
curs, we linked the changes in gene-distal H3K27ac to their
neuronal subtype-specific target genes in each neuronal sub-
type in vivo by applying the H3K27ac HiChlIP protocol (Mumbach
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et al., 2016) to INTACT-purified Sst- and Vip-expressing nuclei
isolated from the brain (Figures 5A, S5A, and S5B). This analysis
revealed that postnatal enhancer activation is significantly asso-
ciated with an increase in the interaction of these same en-
hancers with the promoters of genes that display an increase
in their expression in the postnatal period (Figure 5B). In partic-
ular, we observed clear instances of genes that are newly ex-
pressed postnatally in a cell-type-specific manner that are asso-
ciated with cell-type-specific enhancer activation (Figure 5C).
Conventional mechanisms of enhancer activation during em-
bryonic development suggest that enhancers are specified prior
to differentiation and that these enhancers are then kept in a
state in which they are poised for activation, but not yet active.
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In this state, enhancers have been shown to be marked by the
histone modification H3K4me1 but lack the H3K27ac mark
(Calo and Wysocka, 2013). Once differentiation occurs, the
enhancer acquires H3K27ac such that active enhancers are
co-marked by H3K4me1 and H3K27ac. However, other studies
have found that enhancers can also form de novo and be imme-
diately activated, for example, when a cell is exposed to an
extracellular stimulus (Ostuni et al., 2013). To determine whether
these or other mechanisms explain the activation of neuronal en-
hancers in the postnatal period, we performed H3K4me1 ChlP-
seq at P7, P10, and P13 and examined deposition of the
H3K4me1 and H3K27ac marks at these enhancers across the
7-day postnatal time course. We focused on enhancers that
completely lack H3K27ac at P7 (i.e., inactive state) but signifi-
cantly increase their level of H3K27ac as neurons mature. In
both Sst and Vip neurons, we found that all postnatally activated
neuronal enhancers lack H3K4me1 at P7 (no significant enrich-
ment of H3K4me1 detected at any of these enhancers; Figures
5D and S5C). As neurons mature, we detected an increase in
H3K4me1 with a time course that is similar to that observed for
H3K27ac. This suggests that postnatally activated neuronal en-
hancers are not poised to be activated in early stages of devel-
opment but rather are created de novo as neurons mature in
the postnatal brain.

Because DNA methylation patterns are negatively correlated
with the activation state of enhancers, we assessed the methyl-
ation status of postnatally activated neuronal enhancers. By
WGBS sequencing, we observed that, prior to the activation of
these enhancers, the genomic sequences that give rise to
them tend to be marked by DNA methylation (Figure 5E). More-
over, we found that the formation of postnatal neuronal en-
hancers is associated with a decrease in cytosine methylation
at these sites (Figures S5D and S5E). The decrease in cytosine
methylation was largely restricted to the early postnatal period,
as there were no substantial changes in DNA methylation at later
times.

These results reveal that, as neurons mature in early life, new
enhancers are generated. In the 1-week-old brain, these
genomic elements lack histone modifications that are associ-
ated with primed enhancers and instead are marked by DNA
methylation, suggesting that, at this stage, the enhancers are
likely inactive and not yet poised for activation. As the neurons
mature, enhancers form by co-acquiring both H3K4me1 and
H3K27ac. These data argue against a model where mature
neuronal function is entirely determined at the progenitor stage
but instead suggests that, at least in part, neuronal function is
specified early in postnatal life via de novo formation of
enhancers.

Genome-wide Analysis Identifies AP1 TFs as Mediators
of Postnatal Enhancer Activation

To identify TFs that mediate enhancer activation in postnatal
neurons, we compared the expression levels of TFs between
immature and mature neurons. From our RNA-seq data, we
find that TFs important for establishing neuronal identity at earlier
developmental stages, such as Lhx6 and Sox6 in Sst neurons
and Prox1 and Sp8 in Vip neurons (Kessaris et al., 2014),
continue to be expressed throughout postnatal development
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but are not upregulated during neuronal maturation (Figure S6A).
In addition, we failed to detect any neuronal subtype-specific
TFs that are upregulated as neurons mature. Instead, we found
that levels of key activity-regulated TFs, such as AP1 family
TFs (e.g., Fos and Jun family TFs), Nr4a1, and Npas4, increase
significantly as Sst and Vip neurons mature (Figure 3). Because
AP1 TFs and NPAS4 are thought to function by binding and acti-
vating specific GREs in a neuronal-activity-dependent manner,
we hypothesized that, as neurons mature, stimulus-induced
TFs may bind to new GREs and perhaps together with pre-exist-
ing neuronal subtype-specific TFs mediate enhancer formation.

To determine whether stimulus-dependent TFs bind to post-
natally activated neuronal enhancers, we used our H3K27ac
and ATAC-seq datasets obtained from Sst and Vip neurons at
various times during the postnatal period (1 and 8 weeks) to iden-
tify the sequence elements within the postnatal enhancers that
bind TFs and searched these elements for sequence motifs
that are known to bind neuronal-activity-regulated TFs. We
found that enhancers that become selectively activated in the
postnatal period are enriched for the sequence TGA(C/G)TCA,
the binding sites for AP1 (e.g., FOS/JUN family heterodimers),
relative to all ATAC-seq peaks as well as postnatally repressed
enhancers (Figure SEB).

We next asked whether AP1 TFs bind to postnatally activated
neuronal enhancers in the mouse brain. Using FACS-isolated Sst
or Vip nuclei from 3-week-old Sst-cre or Vip-cre; Sun1 mouse
cortices, respectively, we performed CUT&RUN with anti-FOS
antibodies to examine where in the genome FOS binds across
the Sst and Vip neuronal genomes (Figure 6A). As negative con-
trols, CUT&RUN using immunoglobulin G (IgG) was performed in
parallel for each biological sample. Within a FOS CUT&RUN-en-
riched genomic region, the DNA physically bound by FOS is pro-
tected from cleavage by micrococcal nuclease (MNase). We
thus sought to perform foot-printing analyses for FOS CU-
T&RUN-enriched regions. Footprints within FOS CUT&RUN-en-
riched regions were significantly enriched for AP1 motifs,
whereas similar analyses on the control IgG CUT&RUN samples
did not identify significant enrichments for AP1 motifs, suggest-
ing that FOS CUT&RUN reflects specific FOS binding events
(Figures 6B and S6C). Analysis of this dataset revealed that
FOS binding is enriched within postnatally activated neuronal
enhancers (Figure 6C).

Because FOS TFs are lowly expressed in cells in the absence
of an extracellular stimulus (Lacar et al., 2016), we hypothesized
that the binding of FOS at postnatal activated enhancers likely is
due to the stimulation of these neurons during their postnatal
maturation. We demonstrated that FOS binding to these sites
is induced by neuronal activity by exposing 3-week-old Vip-
cre; Sun1 mice to the glutamate receptor agonist kainic acid
(KA), purifying the Vip-expressing nuclei, and using the CU-
T&RUN procedure to assess FOS binding across the genome
(Figures S6D and S6E).

We note that our characterization of postnatal enhancers in
Sst and Vip neurons that bind FOS revealed that a subset of
these enhancers is specified during the postnatal period in a
neuronal subtype-specific manner (Figure 2). However, in both
Sst and Vip neurons, although neuronal subtype-specific TFs
are present (e.g., Lhx6 and Sox6 in Sst neurons and Prox1 and
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Figure 6. The Transcription Factor FOS Regulates Postnatally Activated Enhancers

(A) Scheme of FOS CUT&RUN. Figure was adapted from (Skene and Henikoff 2017; left). On the right are genome-browser views of FOS CUT&RUN data showing
neuronal subtype-specific FOS binding sites at gene-distal genomic sites downstream of Dpp 10 (left) and TxInb (right) genes. Two biological replicates of data are
shown (R1 and R2).

(B) Footprints within FOS CUT&RUN peaks are enriched in AP1 binding motifs. AP1 binding motifs were the most significantly enriched motifs within the footprints
(CutRunTools; Zhu et al., 2019), and distribution of nuclease cut probabilities surrounding the AP1 motifs is shown. The 10-bp periodicity flanking may reflect
nucleosomes flanking the FOS binding sites, exposing DNA to MNase digestion every 10 bp.

(C) FOS is bound across postnatally activated enhancers. FOS CUT&RUN reads were quantified within postnatally repressed or activated enhancers (left and
middle). The average distribution of FOS binding across the GREs within the postnatally activated enhancers is also shown (right). “p < 1e-9; Wilcoxon rank
sum test.

(D) Postnatal increase in chromatin accessibility within postnatally activated enhancers. ATAC-seq read densities in Sst or Vip neurons were quantified within the
regulatory regions of postnatally activated enhancers at postnatal 1 week and 8 weeks. The ratio of ATAC-seq read densities to genomic DNA transposed by the
Tn5 transposase were plotted (see STAR Methods). *p < 1e-3; Wilcoxon rank sum test.

(legend continued on next page)
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Sp8 in Vip neurons), in contrast to activity-dependent factors,
such as FOS, the level of expression of these subtype-specific
TFs does not increase during the time period during which post-
natal enhancers are formed (Figure S6A). This suggests that
these subtype-specific TFs, although possibly contributing to
the selection of subtype-specific postnatal enhancers, likely do
not on their own initiate the formation of these enhancers in the
postnatal period.

We considered the possibility that the trigger for enhancer for-
mation might be induction of activity-dependent FOS TFs that
then work together with pre-existing subtype-specific TFs to
select postnatal subtype-specific enhancers as neurons mature.
Consistent with this possibility, we find that many postnatally
activated enhancers that are specifically selected in either Sst
or Vip neurons contain AP1 motifs (Figure S6F). Moreover, the
FOS CUT&RUN analyses indicate that the enhancers postnatally
formed in Sst neurons, but not in Vip neurons, are enriched in
FOS binding relative to IgG signal in Sst neurons, but not in Vip
neurons (Figures S6G and S6H). Likewise, enhancers formed
in Vip neurons, but not in Sst neurons, selectively bind FOS in
Vip neurons, but not in Sst neurons. These results indicate that
FOS can bind to newly forming postnatal neuronal enhancers
in a neuronal subtype-specific manner, consistent with the
idea that the induction of FOS triggers the formation of these en-
hancers likely by cooperating with a neuronal subtype-specific
TF that may be expressed prior to the induction of AP1 TFs.

We investigated the mechanism of enhancer activation during
the postnatal period first by assessing whether the TF binding
sites within these enhancers are already accessible prior to
enhancer activation because of binding of a subtype-specific
pioneer TF or whether these enhancers are initially occluded
by nucleosomes that are then remodeled as the expression of
AP1 factors is induced as a consequence of stimulation (Su
et al.,, 2017). Quantification of ATAC-seq reads within these
GREs indicates that these enhancers become more accessible
as the brain matures in the postnatal period from 1 week to
8 weeks (Figure 6D), suggesting that the nucleosomes that
occupy these regulatory regions are remodeled as neurons tran-
sition from an immature state to a mature state in early life.

A recent study in fibroblasts demonstrated that FOS-bound
enhancers are occluded by nucleosomes prior to growth factor
stimulation and that, upon stimulation, AP1 TFs recruit the
SWI/SNF BAF chromatin complex that then remodels the
enhancer, thus facilitating TF binding (Vierbuchen et al., 2017).
To begin to test this model in vivo, we performed CUT&RUN us-
ing anti-ARID1A antibodies in Sst neurons. ARID1A is a canoni-
cal DNA-binding subunit of the SWI/SNF BAF complex (Son and
Crabtree, 2014). We found that ARID1A binding is significantly
enriched across FOS-binding sites, including those that reside
within postnatally activated enhancers (Figures S6l-S6K). The
postnatally induced enhancers lack ARID1A binding at 1 week
when FOS is not bound to the enhancer sequences but co-ac-
quire ARID1A and FOS binding by 3 weeks (Figures S6K-
S6M). After 3 weeks, ARID1A, but not necessarily FOS, con-
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tinues to bind to the postnatally activated enhancers throughout
adulthood, likely maintaining the enhancers in an active state
(Figures S6L and S6M). Therefore, our results suggest that post-
natally activated neuronal enhancers are formed via AP1 TF
recruitment of the SWI/SNF BAF complex. However, it remains
possible that additional activity-dependent mechanisms, such
as the post-translational modifications of TFs (Shalizi et al.,
2006) and/or metabolic effects on chromatin structure (Li et al.,
2018), also contribute to recruitment of the SWI/SNF BAF com-
plex during postnatal neuronal enhancer formation.

An Unbiased Genetic Screen Reveals a Key Role for AP1
TFs in Controlling Postnatally Activated Enhancers

In Vivo

To determine whether AP1 TFs are required for postnatal
neuronal enhancer formation in vivo during early postnatal
mouse brain development, we examined the effects of natural
genetic variations in AP1 sites on enhancer activation (Vierbu-
chen et al., 2017). Comparison of the C57BL/6J and SPRET/
EiJ genomes reveals ~3.7 x 107 single-nucleotide polymor-
phisms (SNPs) across these two genomes, resulting in about
one SNP per 80 bp of genomic sequence (Keane et al., 2011).
If a SNP is present in an AP1 site within an enhancer and the
SNP prevents binding of AP1, this should allow us to assess
the requirement of FOS/JUN complexes for enhancer activation.
To test whether AP1 TFs are important for postnatal enhancer
activation in Sst neurons, we crossed Sst-cre; Suni mice in
the C57BL6 background with wild-type SPRET/EiJ mice (Fig-
ure 6E). We isolated Sst-expressing nuclei from cortices from
3-week-old F1 hybrid transgenic mice and performed
H3K27ac ChIP-seq to generate allele-specific maps of en-
hancers in Sst neurons.

Quantification of H3K27ac levels at all C57BL6 enhancers for the
C57BL6 and SPRET/EiJ alleles in Sst-expressing nuclei confirmed
that the levels of H3K27ac are similar for both the C57BL6 and
SPRET/EJ alleles (Figure 6E). By contrast, when we focused the
analysis on postnatally activated enhancers that possess an intact
AP1 motif in the C57BL6 genome but no consensus AP1 motif in
the SPRET/EiJ genome (Risse et al., 1989), we found that
H3K27ac levels are reduced at these enhancers in the SPRET/
EiJ allele compared to the C57BL6 allele. This suggests that muta-
tion of the AP1 motif in SPRET/EiJ is associated with a decrease in
the activity of the enhancer and that AP1 TFs contribute to the acti-
vation of postnatally induced enhancers in vivo.

AP1 TFs Control a Postnatally Activated Enhancer in an
Activity-Dependent Manner

We investigated further whether AP1-TF-dependent postnatal
neuronal enhancer activation is enhanced by neuronal activity.
We focused our analyses on a postnatally activated enhancer
cluster that lies 40 kb upstream of the Igf1 gene and appears
to function selectively in Vip neurons. The Igf1 gene encodes a
secreted factor that mediates activity-dependent inhibition of
Vip neurons in the visual cortex and is required for normal visual

(E) Mutations in AP1 motifs are associated with decreased enhancer activity in Sst neurons. The distribution of H3K27ac in C57BL/6J and SPRET/EiJ alleles in Sst
neurons of F1 hybrid mice was analyzed. H3K27ac and input DNA patterns were quantified across all C57BL/6J enhancers (left), all enhancers with intact AP1
motif in C57BL/6J that are mutated in SPRET/EiJ, and postnatally activated enhancers with intact AP1 motif in C57BL/6J that is mutated in SPRET/EiJ.
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Figure 7. Neuronal Activity Modulates Postnatally Activated Enhancers

(A) Genome-browser view of the Vip-specific enhancer cluster upstream of the Igf1 gene. Cortical H3K27ac ChIP and HiChIP data are shown. Quantification of
H3K27ac within the Igf1 enhancer in Sst and Vip neurons is also shown. Error bars represent SD between biological replicates. *p < 0.05; two-tailed t test.

(B) The Igf1 enhancer in Vip neurons within the visual cortex contains two GREs, e1 and e2, of which e2 is bound by FOS in vivo in Vip neurons. Genome-browser
views along with visual cortex ATAC-seq data are shown (left). We note that the ATAC-seq peaks were detected in the visual cortex, but not reproducibly detected
across the whole cortex. Whole-cortex FOS and IgG CUT&RUN read densities were quantified within e1 and e2 (right). Error bars represent SD between biological
replicates.

(C) Igf1 e2 is induced by neuronal activity in an AP1-TF-dependent manner in vitro. Days in vitro (DIV) 7 mouse cortical neurons were stimulated by KClI treatment.
“Control” represents the Nptx2 reporter backbone without the Nptx2 enhancer, and “Nptx2” represents the Nptx2 reporter backbone, including the Nptx2
enhancer (Malik et al., 2014). Luciferase expression was quantified by normalizing the firefly luciferase signal to Renilla luciferase signal from the same samples.
Error bars represent SD between three independent experiments (biological replicates). *p < 0.05; two-tailed t test compared to control.

(D) Igf1 e2 is activity induced in an AP1-dependent manner in vitro. Luciferase assays were analyzed as in (C). Error bars represent SD between three to five
independent experiments (biological replicates). “p < 0.05; two-tailed t test.

(E) Igf1 e2 is induced by visual stimulation in Vip neurons in vivo. H3K27ac ChlIP-seq read densities within the e2 enhancer region from Vip neurons within visual

cortices of mice either dark reared or light exposed were quantified. *p < 0.05; two-tailed t test.

acuity (Mardinly et al., 2016). Our Vip HiChIP experiments indi-
cate that this enhancer cluster physically interacts with the pro-
moter of the Igf1 gene, suggesting that this enhancer cluster is a
bona fide Igf1 enhancer (Figure 7A). Notably, the Igf1 enhancer is
methylated at cytosines in the mouse cortex 1 week after birth in
both Sst and Vip neurons but progressively becomes demethy-
lated specifically in Vip neurons as they mature in the postnatal
period (Figures S7A and S7B), suggesting that this enhancer is
being activated in a neuronal subtype-specific manner.

We found by ATAC-seq of Vip neurons in the visual cortex that
this enhancer contains two discrete regulatory regions: one of
these elements (e1) lacks AP1 binding motifs, whereas the other
(e2) contains three AP1 motifs (Figure 7B). Our cortical CU-
T&RUN analysis using anti-FOS antibodies suggested substan-
tial binding of FOS to €2, but not to e1, in Vip neurons, but not Sst
neurons, indicating that FOS may activate the Igf1 gene in Vip
neurons by selectively binding to e2 (Figure 7B).

To determine whether AP1 TFs mediate the induction of Igf1 by
binding to Igf1 e2, we performed luciferase reporter assays in
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cortical neuron or caudal ganglionic eminence (CGE) cultures to
assess whether the Igf1 enhancer functions in an AP1-dependent
manner. We cloned DNA sequences spanning Igf1 e1 or e2, and
versions of e2 in which the AP1 sites were mutated, into a lucif-
erase reporter construct that contains the neuronal-activity-
responsive pentraxin 2 (Nptx2) promoter (Malik et al., 2014). These
reporter constructs were then transfected into embryonic cortical
cultures, as well as CGE cultures, and the cultures were either left
untreated or exposed to elevated levels of KCI at in vitro day 7
(DIV7), conditions that are known to activate calcium influx
through L-type voltage-sensitive calcium channels and stimulate
the production of AP1 TFs. In extracts from these cultures, we
observe significant induction of luciferase activity selectively in
membrane-depolarized neurons in which the wild-type Igf1 e2 is
cloned upstream of the luciferase gene (Figures 7C and S7C).
By contrast, we observe only a low level of luciferase expression
in the absence of membrane depolarization or in membrane-de-
polarized neurons in which the AP1 site-mutated e2 is driving lucif-
erase expression (Figure 7D). In addition, we found that wild-type
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Igf1 e1, which contains no AP1 sites, does not drive significant
luciferase expression. These findings indicate that, during post-
natal development, the binding of AP1 TFs to Igf1 e2 contributes
to postnatal e2 enhancer activation and activity-dependent Igf1
transcription in Vip interneurons.

To consider further whether postnatal enhancers are formed/
activated by neuronal activity in vivo, we examined whether
these enhancers, and in particular Igf1 e2, are activity regulated
in vivo. Vip-cre; Sun1 mice were dark reared and then we acutely
exposed the mice to light (see STAR Methods). We isolated Vip
nuclei from the visual cortices and performed H3K27ac ChlIP-
seq to generate genome-wide maps of light-induced enhancers.
These enhancer maps were compared to those obtained from
dark-reared mice. This analysis revealed that, in light exposed
mice, there is a significant increase in the level of H3K27ac at
the Igf1 e2 enhancer (Figure 7E). These findings indicate that
neuronal activity activates the /gf7 e2 enhancer and likely other
postnatally selected enhancers across the neuronal genome.

Neuronal Activity Modulates Postnatal Transitions in
Neuronal Transcription States

To determine whether neuronal activity is required for the post-
natal transition in gene expression, we reduced the activity of
specific neuronal populations and assessed the effect on post-
natal gene activation. We chose to silence Sst neurons, because
previous studies had suggested that neuronal activity plays a
critical role in the development of these neurons (Close et al.,
2012; Denaxa et al., 2012). We generated adeno-associated vi-
ruses (AAVs) that express the inward rectifying potassium chan-
nel KIR2.1 in a Cre-dependent manner. KIR2.1 overexpression is
a well-established method for reducing neuronal activity (Wie-
gert et al., 2017). As a control, we also generated AAVs that ex-
press a mutated form of KIR2.1 that make non-conducting chan-
nels (Xue et al., 2014). We injected P1 Sst-cre; Sun1 mice with
either the KIR2.1 AAVs or mutated KIR2.1 AAVs (KIR2.1mut)
and collected cortices at 7 weeks (Figure S7D). To enrich for
the sparsely infected Sst neurons, we FACS sorted using the
GFP epitope of the SUN1 construct and then performed high-
throughput single-nuclei sequencing on the FACS-sorted Sst
nuclei (Figure S7E). To enable robust detection of viral tran-
scripts in our analyses, we enriched for the viral transcripts by
PCR (see STAR Methods). Through this approach, we were
able to distinguish Sst nuclei that were infected and express
the viral transcripts from Sst nuclei that were not infected. Alto-
gether, we obtained more than 700 high-quality nuclei for each
of KIR2.1-infected and KIR2.1mut-infected samples.

When all genes were analyzed in aggregate, we observed no
change in overall gene expression between KIR2.1- and KIR2.1-
mut-expressing neurons, indicating that the presence of the
active KIR2.1 channel does not have a deleterious effect on
Sst neuron health (Figure S7F). When we analyzed the set of
genes that are known to be induced upon visual stimulation of
dark-reared mice (Mardinly et al., 2016), we found that the genes
that are upregulated by visual stimulation are downregulated in
the KIR2.1-expressing neurons relative to the KIR2.1mut-ex-
pressing neurons (Figure S7F). As a control in this experiment,
we examined gene expression in the AAV-uninfected subset of
Sst neurons obtained from the brains of mice infected with the
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KIR2.1 or KIR2.1mut viruses. In this case, we observed no signif-
icant changes in expression of the light-induced genes (Fig-
ure S7F). This suggests that the overexpression of KIR2.1 leads
to a decrease in the expression of activity-regulated genes
selectively in infected Sst neurons.

Between KIR2.1- and KIR2.1mut-expressing nuclei, we identi-
fied 264 genes that are significantly downregulated in KIR2.1
compared to KIR2.1mut (p < 0.05). We note that the degree of
reduction in gene expression upon KIR2.1 overexpression is
modest (possibly due to homeostatic responses that compen-
sate when the activity of the neuron is blocked), and therefore,
we may be capturing only a subset of genes that are regulated
by neuronal activity in these neurons. Nevertheless, by
comparing this subset of activity-induced genes to the postna-
tally inducible gene set, we find a statistically significant overlap
between the activity-regulated genes and postnatally inducible
genes (p =4 x 107%; Figures S7G and S7H). This subset of genes
includes Etl4/Skt, a gene required for intervertebral disk develop-
ment (Semba et al., 2006). Notably, H3K27ac HiChIP and anti-
FOS CUT&RUN analyses in Sst neurons indicate that the Et/4
promoter interacts with multiple gene-distal postnatally formed
enhancers, including one that is bound by FOS, suggesting the
possibility that, during early life, FOS contributes to the formation
and/or activation of new enhancers in an activity-dependent
manner, which then mediate an increase in activity-dependent
gene transcription (Figure S7I). Finally, we note that there is het-
erogeneity across different tentative subclasses of Sst neurons
in the degree of downregulated expression of postnatally
induced genes upon KIR2.1 overexpression (Figure S7J).

DISCUSSION

During early life, postmitotic neurons continue to acquire
morphological and functional properties that are essential for
proper brain function. In this study, we identify gene-regulatory
programs that contribute to early postnatal brain maturation,
and we identify activity-regulated AP1 TFs as key mediators of
this maturation process. As neurons mature, the expression of
AP1 TFs is activated and is correlated with the formation of
new gene-distal enhancers that increase the expression of sets
of genes that include neuron-subtype-specific genes.

We also find that a major feature of postnatal neuronal matu-
ration is the widespread decommissioning of enhancers that
drive expression of cell proliferation and migration genes during
earlier stages of brain development. Interestingly, early differen-
tiation programs are not completely turned off until 3 weeks after
birth. This suggests that immature neurons in the early postnatal
mouse brain retain a transcriptional memory of earlier stages of
neuronal development. The repression of embryonic enhancers
occurs at the same time that DNMT3A catalyzes methylation at
cytosines in the postnatal brain (Lister et al., 2013; Stroud
et al., 2017). Mutations in DNMT3A are found in individuals
with autism and intellectual disabilities, suggesting an essential
role for DNMT3A in normal nervous system development and
function (Sanders et al., 2015; Tatton-Brown et al., 2014). The
majority of methylation deposited at this stage occurs at CA se-
quences, and CA methylation across gene bodies appears to
function in neuronal subtype-specific fine-tuning of gene
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transcription (Lavery et al., 2020; Mo et al., 2015; Stroud et al.,
2017; Li et al., 2019). In agreement with Li et al., 2019, we
show here that, during the early postnatal period, DNMT3A
also methylates CG sequences within various enhancers across
the genome, including those that drive embryonic gene expres-
sion, thus in part contributing to embryonic enhancer silencing in
the postnatal period. Interestingly, we find that neuronal sub-
type-specific deletions of DNMT3A in either Sst or Vip neurons
result in mild activation of embryonic enhancers in adult brains,
suggesting that adult Dnmt3a KO neurons are in part in animma-
ture state compared to adult wild-type neurons. Hence, a failure
to shut down embryonic enhancers may in part underlie neuronal
defects observed in individuals bearing DNMT3A mutations or
mutations in MECP2 (e.g., in Rett syndrome), which binds these
enhancers once they are methylated.

Neuronal activity is usually thought to be associated with tran-
sient neuronal processes (Yap and Greenberg, 2018). Here, we
find that, as neurons mature, AP1 TFs are persistently expressed
at higher levels and regulate the formation of enhancers that in
turn increase the expression of key neuronal maturation genes.
Although itis well known that AP1 TFs can be rapidly and transiently
activated by neuronal activity in the mature brain throughout life, the
importance for AP1 TFsin brain maturation and function was poorly
understood (Yap and Greenberg, 2018). The genome-wide anal-
ysis of FOS binding in the cortex described here suggests that a
previously unappreciated function of FOS is as a mediator of the
activation of postnatal neuronal enhancers in early life that control
the maturation of cortical circuits. Rather than activating pre-spec-
ified subsets of poised enhancers, we find that de novo formation of
enhancers occurs during neuronal maturation in the postnatal
period. This suggests that the selection of neuronal subtype-spe-
cific enhancers occurs as neurons interact with other cells in their
local microenvironment and as animals receive sensory input
from their external environment in early life. Because AP1 TFs are
induced by neuronal activity across essentially all neuronal sub-
types (Hrvatin etal., 2018), it is likely that we have uncovered a gen-
eral mechanism by which gene expression is regulated in many
types of neurons in the postnatal period. We note that, in addition
to being activated by neuronal activity, AP1 TFs are also induced
inresponse to other external stimuli, such as growth factors (Green-
berg and Ziff, 1984), and therefore, it is likely that other extracellular
factors also contribute to the process of enhancer-dependent
neuronal differentiation and maturation (Kim et al., 2010).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-MECP2 Chen et al., 2003 N/A

Rabbit anti-H3K27ac Abcam Cat# ab4729
Rabbit anti-GFP Thermo Fisher Cat# G10362
Rabbit anti-ARID1A Cell signaling Cat #12354
Rabbit anti-H3K4me1 Abcam Cat # ab8895
Rabbit IgG Cell Signaling Cat #2729S
Biological Samples

Unmethylated lambda DNA Promega Cat# D1521
Chemicals, Peptides, and Recombinant Proteins

Kanic acid Sigma Aldrich Cat# K0250

Dynabeads Protein G
Dynabeads Protein A
Agencourt AMPure XP beads
Formaldehyde

Concanavalin A beads
protein-A-MNase

Thermo Fisher

Thermo Fisher

Beckman Coulter

Sigma Aldrich

Bangs Laboratories
Skene and Henikoff, 2017

Cat# 10004D
Cat# 10002D
Cat# A63881
Cat# F8775
Cat# BP531
N/A

Critical Commercial Assays

Ovation Ultralow Library System
TruSeq Strand Specific RNA-
Sequencing kit

NEBNext Ultra Directional RNA Library
Prep Kits

NEBNext Multiplex Oligos for lllumina
NEBNext rRNA Depletion Kit

Nugen
lllumina

New England Biolabs

New England Biolabs
New England Biolabs

Cat# 0330, 0331, 0344

Cat# RS-122-2101

Cat# E7420L

Cat# E7335L
Cat# E6310X

Qubit dsDNA HS Assay Kit Thermo Fisher Cat# Q32854
Nextera DNA sample kit lllumina Cat# FC-121-1030
Chromium TM Single Cell 3’ Library kit v2 10X Genomics PN-120236
Deposited Data

Raw data for sequencing NCBI Gene Expression Omnibus GSE150538
Experimental Models: Organisms/Strains

Mouse: C57BL/6 WT The Jackson Laboratory N/A

Mouse: C57BL/6 WT Charles River N/A

Mouse: Nestin-cre The Jackson Laboratory Cat# 003771
Mouse: Dnmt3a™™ Kaneda et al., 2004 N/A

Mouse; Sst-cre The Jackson Laboratory Cat# 013044
Mouse: Vip-cre The Jackson Laboratory Cat# 010908
Mouse: Mecp2 KO The Jackson Laboratory Cat# 003890
Mouse: SPRET/EiJ The Jackson Laboratory Cat#001146
Mouse: SUN1-2xsfGFP-6xMYC The Jackson Laboratory Cat# 021039
Oligonucleotides

10X_Enrich_R1_F: This study N/A

CTACACGACGCTCTTCCG

el Neuron 107, 1-17.e1-e8, September 9, 2020

(Continued on next page)



doi.org/10.1016/j.neuron.2020.06.008

Please cite this article in press as: Stroud et al., An Activity-Mediated Transition in Transcription in Early Postnatal Neurons, Neuron (2020), https://

Neuron ¢? CellP’ress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

10X_Enrich_HS2_R2_R: GTGACTG This study N/A

GAGTTCAGACGTGTGCTCTTCCG

ATCTACGAGTCGGATCTCCCTTT

Recombinant DNA

Kir2.1-T2A-TdTomato Xue et al., 2014 Addgene 60598

Kir2.1mut-T2A-TdTomato Xue et al., 2014 Addgene 60644

pAAV-hSyn-DIO Krashes et al., 2011 Addgene 44362

Software and Algorithms

Bowtie V1 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/
index.shtml

SICER Zang et al., 2009 N/A

BSmap V2.74 Xi and Li, 2009 https://code.google.com/archive/
p/bsmap/

DAVID V6.8 Huang et al., 2009 https://david.ncifcrf.gov/

Tophat2 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/
index.shtml

HTseq Anders et al., 2015 https://pypi.org/pypi/HTSeq

DEseq Anders et al., 2015 http://bioconductor.org/packages/release/
bioc/html/DESeq.html

Seurat Satija et al., 2015 https://satijalab.org/seurat/

Monocle Trapnell et al., 2014 http://cole-trapnell-lab.github.io/monocle-
release/

Trimmomatic Bolger et al., 2014 http://www.usadellab.org/cms/?
page=trimmomatic

MACS2 Zhang et al., 2008 https://github.com/macs3-project/MACS/

Irreproducible Discovery Rate (IDR) pipeline
from ENCODE

HOMER
edgeR

GREAT
bbmap
Lapels

Landt et al., 2012

Heinz et al., 2010
Robinson et al., 2010

McLean et al., 2010
sourceforge.net/projects/bbmap/
Huang et al., 2014

tree/master/MACS2

https://www.encodeproject.org/
software/idr/

http://homer.ucsd.edu/homer/

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

http://great.stanford.edu/public/html/
https://jgi.doe.gov/data-and-tools/bbtools/

http://csbio.unc.edu/CCstatus/index.py?
run=Pseudo

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael E.
Greenberg (michael_greenberg@hms.harvard.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession number for the sequencing data reported in this paper is GEO: GSE150538.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice

Animals were handled according to guidelines approved by the Harvard University Standing Committee on Animal Care. Mice were
housed in the animal facility with a 12 hour light/dark cycle. Homozygous SUN1-2xsfGFP-6xMYC (Sun1) mice were reported in a

Neuron 707, 1-17.e1-e8, September 9, 2020 e2


mailto:michael_greenberg@hms.harvard.edu
http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
https://code.google.com/archive/p/bsmap/
https://code.google.com/archive/p/bsmap/
https://david.ncifcrf.gov/
https://ccb.jhu.edu/software/tophat/index.shtml
https://ccb.jhu.edu/software/tophat/index.shtml
https://pypi.org/pypi/HTSeq
http://bioconductor.org/packages/release/bioc/html/DESeq.html
http://bioconductor.org/packages/release/bioc/html/DESeq.html
https://satijalab.org/seurat/
http://cole-trapnell-lab.github.io/monocle-release/
http://cole-trapnell-lab.github.io/monocle-release/
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
https://github.com/macs3-project/MACS/tree/master/MACS2
https://github.com/macs3-project/MACS/tree/master/MACS2
https://www.encodeproject.org/software/idr/
https://www.encodeproject.org/software/idr/
http://homer.ucsd.edu/homer/
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
http://great.stanford.edu/public/html/
http://sourceforge.net/projects/bbmap/
https://jgi.doe.gov/data-and-tools/bbtools/
http://csbio.unc.edu/CCstatus/index.py?run=Pseudo
http://csbio.unc.edu/CCstatus/index.py?run=Pseudo

Please cite this article in press as: Stroud et al., An Activity-Mediated Transition in Transcription in Early Postnatal Neurons, Neuron (2020), https://
doi.org/10.1016/j.neuron.2020.06.008

¢ CellPress Neuron

previous study (Mo et al., 2015) and were crossed to homozygous Vip-cre or Sst-cre (Taniguchi et al., 2011), or Rorb-cre (Harris et al.,
2014) mice. For conditional cell-type-specific Dnmt3a knockout experiments, Sst-cre or Vip-cre mice were crossed to Dnmt3a™" (Ka-
neda et al., 2004) and Sun1 mice. Littermate controls were used for all comparisons between wild-type Sst neurons (Sst-cre;
Dnmt3a*’*; Sun1) to Sst-specific Dnmt3a cKO (Sst-cre; Dnmt3a™"; Sun1) mice, and wild-type Vip neurons (Vip-cre; Dnmt3a*’*;
Sun1) to Vip-specific Dnmt3a cKO (Vip-cre; Dnmt3a™™; Sun1) mice. For whole brain-specific DNMT3A KO experiments, Nestin-
cre mice (Tronche et al., 1999) were crossed to Dnmt3a™ mice. Mecp2 KO mice have been previously described (Guy et al.,
2001). Genders were mixed for each experiment. Each nuclear isolation experiment was performed pooling at least two mice.
The exception was for the Dnmt3a conditional knockout experiments, where one mutant mouse was used for each nuclear isolation,

along with gender-matched littermate wild-type controls.
METHOD DETAILS

INTACT nuclear isolation

Cortices were homogenized with a dounce-homogenizer and tight pestle 15 times in 5 mL Buffer HB (0.25M sucrose, 25mM KClI,
5mM MgCI2, 20mM Tricine-KOH pH7.8, 1mM DTT, 0.15 mM spermine, 0.5 mM spermidine, Roche protease inhibitor tablets,
10mM Sodium Butyrate, 1mM Rnase Inhibitor when doing downstream RNA-seq). IGEPAL CA-630 (Sigma) was added to a final con-
centration of 0.3% to the homogenate, followed by douncing 5 more times with tight pestle. Homogenized cortices were filtered
through a 40um strainer then combined with Working Solution (5 volume of OptiPrep + 1 volume of Diluent [150 mM KCI., 30 mM
MgCI2, 120 mM Tricine-KOH pH 7.8]) at a 1:1 ratio. The mixture was underlaid with 1.2 mL 30% and 1.2 mL 40% OptiPrep gradient
solutions (Working solution and diluted with HB Buffer to 30% or 40%). Following ultracentrifugation, 1 mL of nuclei were collected
from the interface of the 30% and 40% Optiprep layers. 1 mL nuclei were pre-cleared with pre-washed 20 pul Protein G Dynabeads
(Thermo Scientific) for 30 min rotation at 4°C. Note that the beads were pre-washed twice, each time with 800 ul Wash Buffer (0.25M
sucrose, 25mM KCI, 5mM MgCI2, 20mM Tricine-KOH pH7.8, 0.4% IGEPAL CA-630, 1mM DTT, 0.15 mM spermine, 0.5 mM sper-
midine, Roche protease inhibitor tablets, 10mM Sodium Butyrate, 1mM Rnase Inhibitor when doing downstream RNA-seq). After
preclearing, beads/nuclei mixtures were bound to magnet, and the 1 mL nuclei were removed to a new tube. The beads were resus-
pended with 400 pl wash buffer, then bound to magnet before the resulting supernatant was added to the previous tube containing
the nuclei. Each immunoprecipitation (IP) reaction was set up in one tube with the following mixture: ~700 pl nuclei, 400 pl Wash
Buffer, 2.5 ul anti-GFP antibody (ThermoFisher Scientific G10362, RRID: AB_2536526). The IP reactions were incubated for 30 mi-
nutes rotating at 4°C. After incubation, 60 ul pre-washed beads were added to each IP reaction, followed by an additional 20 minutes
rotation at 4°C. Next, the samples, now containing nuclei-bound beads, were placed on magnet for no longer than 1 minute, then put
onice for ~15 s before resuspending the beads by very gentle inversion. The samples were put back on the magnet for no longer than
1 minute, then one ice for ~15 s before gentle resuspension by inversion. This magnet-ice-resuspension pattern was repeated 6-7
times. The samples were then placed on the magnet, and the supernatant was supplanted with 800 ul Wash Buffer, followed by
gentle pipetting to resuspend. The samples were put on ice for ~15 s, then after pipetting 1-2 times, the 800 ul sample was added
to 8 mL wash buffer. The nuclei-bound beads were washed two more times with additional 10 mL wash buffer first, then 2.5 mL wash
buffer. The immunoprecipitated nuclei (bound to beads) were resuspended in 800 ul wash buffer by gentle pipetting. We note that
unlike tissue dissociation (Hrvatin et al., 2018), our nuclear isolation approach is not susceptible to ectopic upregulation of activ-
ity-induced genes (Fernandez-Albert et al., 2019; Hu et al., 2017; Wu et al., 2017), and therefore did not require additional inhibitors
described in Hrvatin et al. (2018).

Nuclear RNA-seq

RNA from INTACT-purified nuclei was extracted with TRIzol (Invitrogen) and purified with a RNeasy kit (on-column DNase treatment)
(QIAGEN) following manufacturer’s instructions. Libraries were generated with either the Truseq Strand Specific RNA-Sequencing kit
(Mlumina) or the NEBNext Ultra Directional RNA Library Prep Kits (NEB).

Chromatin immunoprecipitation sequencing (ChiP-seq)

INTACT-purified nuclei were crosslinked in 1% formaldehyde, followed by the addition of 0.125M glycine to stop crosslinking activity.
The nuclei were washed with cold 1XPBS, then lysed once with L1 buffer (50mM HEPES pH7.5, 140mM NaCl, 1mM EDTA, 1TmM
EGTA, 0.25% Triton X-100, 0.5% NP40, 10% Glycerol, protease inhibitors, sodium butyrate), followed by an incubation in L2 buffer
(10mM Tris-HCI pH8.0, 200mM NaCl, protease inhibitors, sodium butyrate). The nuclei were resuspended in L3 buffer (10 mM Tris-
HCI pH8.0, 100 MM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine, protease inhibitors, sodium
butyrate) and sonicated with a Bioruptor (Diagenode) for 40 cycles of 30 s “on” and 45 s “off.” Sonicated chromatin were centrifuged
at 13,000 rpm for 10 minutes at 4°C to remove insoluble pellet, and then pre-cleared by incubating with Protein A Dynabeads
(Thermofisher) for 2 hours at 4°C. Pre-cleared chromatin were incubated with Dynabeads conjugated to H3K27ac (Abcam
ab4729, RRID:AB_2118291) or H3K4me1 (Abcam ab8895, RRID:AB_306847) antibodies overnight at 4°C. Beads were washed twice
each with Low Salt buffer (0.1% SDS, 1% Triton X-100, 20mM Tris HCI pH8.0, 150mM NaCl, 2mM EDTA), High Salt buffer (0.1% SDS,
1% Triton X-100, 20mM Tris HCI pH8.0, 500mM NaCl, 2mM EDTA) and LiClI buffer (250mM LiCl, 1% NP40, 1imM EDTA, 10mM
TrisHCI pH8.0, 1% Sodium Deoxycholate) at 4°C, and washed once with 1XTE buffer at room temperature. Immunoprecipitated
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chromatin was first eluted off the beads with 1XTE+1%SDS at 65°C with shaking for 30 minutes, and then was de-crosslinked over-
night at 65°C. RNaseA was added to each sample, followed by an incubation at room temperature for 30 minutes. The samples were
incubated with proteinase K for two to three hours at 55°C with shaking. Immunoprecipitated DNA was purified using phenol-chlo-
roform-isoamyl alcohol followed by QIAGEN MinElute columns. Sequencing libraries were generated by using Ovation Ultralow Li-
brary Systems (Nugen) following manufacturer instructions. Libraries were sequenced on an lllumina Nextseq 500.

Assay for Transposase Accessible Chromatin (ATAC)-seq

INTACT-purified nuclei were resuspended in L1 buffer (50mM HEPES pH7.5, 140mM NaCl, 1imM EDTA, 1mM EGTA, 0.25% Triton X-
100, 0.5% NP40, 10% Glycerol, protease inhibitors, sodium butyrate), and centrifuged at 2000 rpm at 4°C. L1 buffer was removed,
and INTACT-purified nuclei were incubated with Tn5 in TD buffer (lllumina) for 30 minutes at 37°C. Adaptor-ligated DNA fragments
were purified using the QIAGEN MinElute kit, and subsequently PCR-amplified with the Nextera DNA sample kit using the following
conditions: (1) 5 minutes at 72°C, (2) 1 minute at 98°C, (3) 15 s at 98°C, (4) 30 s at 63°C, (5) one minute at 72°C, (6) Go to step 3 eleven
times, (7) hold at 10°C. To control for potential biases for Tn5 toward specific sequence compositions, we performed the above assay
on naked genomic DNA isolated from cortices. All ATAC-seq libraries were sequenced on a Nextseq 500.

Whole genome bisulfite-sequencing (WGBS)

WGBS libraries on INTACT-purified nuclei were generated by using a similar method as previously described (Stroud et al., 2017).
Briefly, genomic DNA including unmethylated lambda DNA (0.5%; Promega D1521) were sonicated to 200bp using a Covaris S2
or M220, and NEXTflex methylated adapters (Bioo Scientific) were ligated onto the sonicated DNA. The libraries were bisulfite-treated
using the EZ DNA methylation-Gold kit (Zymo). The final libraries were sequenced on a Nextseq 500.

In vivo HiChIP on isolated neuronal subtypes

Vip or Sst-expressing nuclei were INTACT-isolated and cross-linked using 1% formaldehyde as described above. HiChIP experi-
ments were performed as previously described (Mumbach et al., 2016) with the following modifications to the protocol: (1) 4 pl of
Mbol was used to digest chromatin. (2) Sonication step was performed using Covaris M220 (Millitube) PIP 75; Duty factor 5%;
CPB 200; Time 2 minutes. (3) For the IP step, 2 ul of anti-H3K27ac antibodies (Abcam ab4729, RRID:AB_2118291) and 20 ul of Protein
A Dynabeads (Thermofisher) were used. (4) For adding lllumina sequencing adapters to samples, we used 0.05 pul of Tn5 (lllumina) to
each sample and amplified for 12 cycles using the Nextera DNA sample kit (lllumina). All libraries were paired-end sequenced on a
Nextseq 500.

Kainic acid (KA) treatment
Three-week-old Vip-cre; Sun1 mice were injected intraperitoneally with either kainic acid (Sigma Aldrich K0250) (~4mg/kg) or 1X PBS
for controls. The cortices were dissected and processed two hours post-injection.

Dark rearing and Light exposure experiments

Mice were dark-housed for two weeks. For light exposure, mice were transferred to the light chamber for three hours prior to dissect-
ing the visual cortex. Dark-reared control mice were not exposed to light and sacrificed in the dark. Eyes from all animals were enucle-
ated prior to dissecting the tissue.

KIR2.1 overexpression experiment

Kir2.1-T2A-TdTomato (RRID:Addgene_60598) or Kir2.1mut-T2A-TdTomato (RRID:Addgene_60644) (Xue et al., 2014) sequences
were cloned into a pAAV-hSyn-DIO backbone (Addgene 44362) and packaged into AAV2/9 viruses. AAVs were generated at the Bos-
ton Children’s Hospital Viral Core. When neurons are infected with the virus, KIR2.1 or KIR2.1mut proteins would only express in the
presence of Cre. Therefore, by infecting the AAVs to Sst-cre; Sun1 mice the KIR2.1 or KIR2.1mut proteins would be overexpressed
only upon infecting Sst neurons. Intracerebroventricular (ICV) injections of either Kir2.1 or Kir2.1mut AAVs were performed on post-
natal day one Sst-cre; Sun1 mice. Infected mice were matured for seven weeks and then perfused with RNAlater (Sigma), and
cortices were harvested and incubated in RNAlater overnight at 4°C.

Nuclei isolation followed by CUT&RUN

Cortices from Sst-cre; Sun1 or Vip-cre; Sun1 mice were collected and homogenized with a dounce-homogenizer and tight pestle 15
times in 5 mL Buffer HB (0.25M sucrose, 25mM KCI, 5mM MgCI2, 20mM Tricine-KOH pH7.8, 1ImM DTT, 0.15 mM spermine, 0.5 mM
spermidine, Roche protease inhibitor tablets, 10mM Sodium Butyrate, ImM RNase Inhibitor when doing downstream RNA-seq).
IGEPAL CA-630 (Sigma) was added to a final concentration of 0.3% to the homogenate, followed by douncing 5 more times with
tight pestle. Homogenized cortices were filtered through a 40um strainer then combined with Working Solution (5 volume of
OptiPrep + 1 volume of Diluent [150 mM KCI., 30 mM MgCI2, 120 mM Tricine-KOH pH 7.8]) at a 1:1 ratio. The mixture was underlaid
with 1.2 mL 30% and 1.2 mL 40% OptiPrep gradient solutions (Working solution and diluted with HB Buffer to 30% or 40%).
Following ultracentrifugation, 1 mL of nuclei were collected from the interface of the 30% and 40% Optiprep layers. Draq 5 (Abcam)
was used to stain DNA. Using a Sony SH800Z Cell sorter, GFP positive nuclei (using Sun1-GFP on nuclear membrane) were selected
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and sorted into CUT&RUN wash buffer (1 mL of 1M HEPES pH 7.5, 1.5 mL of 5M NaCl, 1 mL of 10% Tween-20, 0.05 g BSA, 25 ul of
1M spermidine, protease inhibitors (Roche), H20 to 50 mL). Nuclei were bound to concanavalin A-coated (ConA) beads that were
washed once with CUT&RUN binding buffer (1 mL of 1M HEPES pH 7.9, 500 pl of 1M KCI, 50 ul of 1M CaCl2, 50 ul of 1M MnCI2,
H20 to 50 mL). ConA-bead-bound nuclei were incubated overnight in cold CUT&RUN antibody buffer (1 mL CUT&RUN Triton-
wash buffer, 4 ul of 0.5M EDTA) with either in-house anti-FOS antibodies (E.L., M.G.Y., M.E.G., and T. Vierbuchen, unpublished
data), anti-ARID1A (Cell signaling #12354, RRID:AB_2637010) or IgG (Cell Signaling #2729S, RRID:AB_1031062). After incubation,
the ConA-bead-bound nuclei were washed once with CUT&RUN antibody buffer, and protein-A-MNase (Skene and Henikoff, 2017)
was added to each sample to a final concentration of 700 ng/mL, followed by an incubation for one hour at 4°C. The ConA-bead-
bound nuclei were washed twice with CUT&RUN Triton-wash buffer (1 mL of CUT&RUN wash buffer, 10 pl of 10% Triton X-100),
and resuspended in 100 pl Triton wash buffer. To each sample, 3 pl of 0.1M CaCl2 was added to each sample, and incubated on
ice for 30 min. The reaction was stopped by adding 100 ul 2x STOP buffer (68 ul of 5M NaCl, 40 pl of 0.5M EDTA, 8 pl of EGTA,
4 nl 10% Triton X-100, 2 pl of 1 pg/ul yeast spike-in DNA, 10 pl of RNase A, H20 868 nl) and incubating at 37°C for 20 minutes.
Two pl of 10% SDS was added to the supernatant and the samples were proteinase K treated for > 2 hours at 65°C. DNA was
collected by ethanol precipitation. Library preparation was performed as previously described (Hainer and Fazzio, 2019), except
that Rapid Ligase (Enzymatics) was used for adaptor ligation, and AMPure XP beads were used for the cleanup of the final libraries.
All CUT&RUN libraries were paired-end sequenced (40 bases x 2) on a Nextseq 500.

Whole cortex CUT&RUN

Cortices from adult Mecp2 KO and littermate wild-type controls, or adult Nestin-cre; Dnmt3a™" and littermate wild-type controls
(Dnmt3a™™) were collected and homogenized with a dounce-homogenizer and tight pestle 15 times in 5 mL Buffer HB (0.25M su-
crose, 25mM KCI, 5mM MgCI2, 20mM Tricine-KOH pH7.8, 1imM DTT, 0.15 mM spermine, 0.5 mM spermidine, Roche protease in-
hibitor tablets, 10mM Sodium Butyrate, 1mM RNase Inhibitor when doing downstream RNA-seq). IGEPAL CA-630 (Sigma) was
added to a final concentration of 0.3% to the homogenate, followed by douncing 5 more times with tight pestle. Homogenized
cortices were filtered through a 40um strainer, and centrifuged at 500 g at 4°C. The nuclei were resuspended in CUT&RUN wash
buffer, and CUT&RUN experiments were performed as described above using anti-MECP2 antibodies (Chen et al., 2003), anti-
H3K27ac antibodies (Abcam ab4729, RRID:AB_2118291) and IgG (Cell Signaling #2729S, RRID:AB_1031062).

fl/fl

Fluorescence-activated cell sorting (FACS) for single-nuclei RNA-seq

Sst-cre; Sun1 or Vip-cre; Sun1 mouse cortices were harvested and fixed in RNAlater overnight at 4°C. Cortices were homogenized
with a dounce-homogenizer and tight pestle 15 times in 5 mL Buffer HB (0.25 M sucrose, 25 mM KCI, 5 mM MgCI2, 20 mM Tricine-
KOH pH7.8, 1mM DTT, 0.15 mM spermine, 0.5 mM spermidine, Roche protease inhibitor tablets, 10mM Sodium Butyrate, 1 mM
Rnase Inhibitor when doing downstream RNA-seq). IGEPAL CA-630 (Sigma) was added to a final concentration of 0.3% to the ho-
mogenate, followed by douncing five more times with tight pestle. Homogenized cortices were filtered through a 40 um strainer, and
centrifuged at 500 g to pellet the nuclei. The nuclei were resuspended in FACS buffer (1XPBS, 1% BSA) and sorted on GFP-positive
nuclei (using Sun1-GFP localized throughout the nuclear membrane) were sorted into cold FACS buffer using a Sony SH800Z Cell
sorter. All single nuclei RNA sequencing experiments were performed using the Chromium TM Single Cell 3’ Library kit v2 (10X Ge-
nomics) following manufacturer instructions. For KIR2.1 overexpression experiments, the viral transcripts were PCR amplified. This
additional step was necessary because in any given nuclei only a small proportion of the total transcripts are captured in a high-
throughput single-cell RNA-seq experiment. Therefore, amplification of viral transcripts enabled better determination of whether a
neuron was infected by AAVs or not. After the cDNA amplification step in the manufacturer protocol, we set aside 5% of the total
sample, and viral transcripts were amplified with HS_10X_Enrich_R1_F (CTACACGACGCTCTTCCG) and HS_10X_En-
rich_HS2_R2_R (GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGAGTCGGATCTCCCTTT) using Q5 High-Fidelity 2X Master
Mix (NEB). The PCR products were cleaned up with AMPure XP beads, and were sample-index PCR amplified according to manu-
facturer instructions (10X Genomics). All libraries were sequenced for 26 cycles and 58 cycles on a Nextseq 500.

Luciferase reporter experiments

Embryonic (E14) CGEs or mixed cortical neurons (E16) were dissected, dissociated and cultured as previously described (Malik et al.,
2014). At days in vitro (DIV) 5, plasmids were transfected using Lipofectamine 2000 (Life Technologies) following manufacturer in-
structions. At DIV6, neurons were silenced overnight by the application of one uM TTX and 100uM AP5 to the cultures. At DIV7,
the cultures were depolarized by KCI (55mM) for six hours and then harvested. The cell lysates were processed following manufac-
turer instructions (Promega), and were measured using a BioTek Synergy 4 multi-detection microplate reader. Firefly luciferase read-
ings for each well of cultures were normalized to Renilla luciferase readings. The normalized Firefly readings were averaged across
two to three wells (technical replicates).
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Allele-specific quantification of H3K27ac in C57BL/6J and SPRET/EiJ

SPRET/EiJ mice (Jackson Labs #001146) were bred with C57BL/6J mice that were homozygous for the Sun1-GFP and Sst-cre al-
leles as detailed above. Cortices from 3-week old F1-hybrid mice were harvested and nuclei were purified with INTACT approach
detailed above. ChIP-seq was performed with anti-H3K27ac antibodies (Abcam ab4729) and reads were sequenced paired-end
with the NextSeq 500.

Illustrations
lllustrations were created with https://biorender.com

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

The statistical analyses for each experiment are noted in the figure legends. No methods were used to determine whether the data
met assumptions of the statistical approach. No statistical methods were used to predetermine sample sizes. No sample random-
ization was performed. No blinding of experiments was performed.

Nuclear RNA-seq analysis

Data were analyzed as previously described (Stroud et al., 2017). Briefly, reads were mapped to annotated genes and the genome
using Tophat2 (Kim et al., 2013), and quantified with HTseq (Anders et al., 2015). Only uniquely mapping reads were retained, and
duplicated reads were discarded. Gene expression levels were quantified by reads per kilobase of transcript per million mapped
reads (RPKM). Differential gene expression analysis was performed using DEseqg?2 (Love et al., 2014) using two biological replicates
for each postnatal time point. Genes that change in expression were defined using > 2fold and FDR < 1e-4 cutoffs. Gene ontology
analyses were performed using DAVID (Huang et al., 2009).

ChlIP-seq analysis

Reads were trimmed with Trimmomatic (Bolger et al., 2014) using SLIDINGWINDOW:5:30. Reads were then mapped to the mm9
genome with default parameters using Bowtie2 (Langmead et al., 2009) only retaining uniquely mapping reads with samtools (Li
et al., 2009) using parameters -h -b -F 3844 -q 10. Two pseudoreplicates comprising 50% of reads were generated with macs2 rand-
sample. Peaks were called from macs2 with pooled reads and with both pseudoreplicate samples (Zhang et al., 2008) using param-
eters -g mm -p 1e-1-nomodel-extsize 200. High-confidence H3K27ac peaks were identified with the Irreproducible Discovery Rate
(IDR) pipeline from ENCODE (Landt et al., 2012) with a threshold FDR < 0.0025. ATAC-seq summits (detailed in following section)
were used to center all cis-regulatory elements (i.e., enhancers and promoters). HOMER annotatepeaks.pl was used with mm9
-size 1000 -len 200 -noadj to quantify H3K27ac signal + 500 bp from all ATAC-seq summits genome-wide. DEseq2 (Love et al.,
2014) and edgeR (Robinson et al., 2010) were used to define developmentally regulated enhancers by quantifying changes in
H3K27ac levels at ATAC-seq peaks across biological replicates between different postnatal time points. For edgeR, the function
glmTreat() was used to determine p values. For postnatally regulated H3K27ac regions, we used a 2-fold cutoff and an FDR <
0.01 and we took the intersection of sites that met these criteria in both DEseq2 and edgeR. We lastly defined gene-distal enhancers
as those ATAC-seq peaks that overlap H3K27ac regions and are at least one kilobase away from the nearest annotated transcription
start sites (ENSEMBL). For gene-ontology analyses of genes closest to distal enhancers, GREAT (McLean et al., 2010) was used us-
ing a maximum distance cutoff of 100 kilobases.

ATAC-seq analysis

Reads were trimmed with Trimmomatic (Bolger et al., 2014) using SLIDINGWINDOW:5:30. Reads were then mapped to the mm9
genome with default parameters using Bowtie2 (Langmead et al., 2009) only retaining uniquely mapping reads with samtools (Li
etal., 2009) using parameters -h -b -F 3844 -q 10. Two pseudoreplicates comprising 50% of reads were generated with macs2 rand-
sample. Peaks were called from macs2 with pooled reads and with both pseudoreplicate samples (Zhang et al., 2008) using param-
eters -g mm -p 1e-1-nomodel-extsize 200. High-confidence ATAC-seq peaks were identified with the Irreproducible Discovery Rate
(IDR) pipeline from ENCODE (Landt et al., 2012) with a threshold FDR < 0.0025. For motif identification, genomic sequences
spanning + 250 bp of the center of ATAC-seq peaks were analyzed with MEME (Bailey et al., 2009). Of the significantly enriched mo-
tifs, motifs that were enriched toward the middle of the ATAC-seq peaks (Bailey and Machanick, 2012) were reported.

Heritability Enrichment Methods

To perform heritability enrichment analysis, we used stratified LD score regression (Finucane et al., 2015); given a functional partition
of the genome, the analysis determines whether an annotation carries more genetic heritability than expected based on GWAS sum-
mary statistics. We obtained a baseline model of 54 annotations from Finucane et al. and augmented the model with the annotations
defined from our analysis of activated, repressed, and constitutive enhancers. Specifically, for each combination of cell line (Sst and
Vip) and trait, we fit two models: 1) activated and constitutive enhancers and 2) repressed and constitutive enhancers.
Constitutive enhancers were included in both models to control for the effect of brain-specific enhancers in general. Following the

Neuron 707, 1-17.e1-e8, September 9, 2020 €6



https://biorender.com

Please cite this article in press as: Stroud et al., An Activity-Mediated Transition in Transcription in Early Postnatal Neurons, Neuron (2020), https://
doi.org/10.1016/j.neuron.2020.06.008

¢ CellPress Neuron

recommendations of Finucane et al., we excluded the MHC region from analysis and restricted to HapMap3 (Altshuler et al., 2010)
SNPs when fitting the model. When comparing enrichment of an annotation across traits, we corrected for multiple hypothesis tests
using the Holm step-down procedure. GWAS summary statistics were obtained from the following studies: Schizophrenia (scz)
(Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014), Bipolar (bp) (Bipolar Disorder and Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2018), Major Depressive Disorder (MDD) (Wray et al., 2018) (excludes
restricted access samples from 23andMe), Autism spectrum disorder (ASD) (Grove et al., 2019), ADHD (Martin et al., 2018), and
RA (Okada et al., 2014). All other summary statistics were obtained from analysis of the UKBiobank (Loh et al., 2018).

WGBS analysis

The reads were mapped to the genome using BSmap (Xi and Li, 2009) retaining uniquely mapping, non-redundant reads. Methylation
levels were calculated by taking the ratio between #C and #C+#T basecalls. Postnatal differentially methylated regions (DMRs)
across the genome in Sst and Vip neurons were defined using MOABS software (Sun et al., 2014) (-R -p 8 -g 3 -x 700 -m 100)
comparing methylation patterns in P10 and three weeks. The eGREs were defined as increased methylated regions (IMRs) that over-
lapped with an ATAC-seq peak in one week but lacked an ATAC-seq peak at eight weeks. For whole cortex WGBS analysis, we re-
analyzed published whole cortex datasets (Stroud et al., 2017).

HiChIP analysis

Paired-end reads were mapped to the mm9 genome using HiC-Pro (Servant et al., 2015). Duplicated reads were removed and as-
signed to Mbol restriction fragments. Using the HiC-Pro output files, DNA loops were called using Hichipper (Lareau and Aryee,
2018). For each sample, DNA loops called by ten paired-end tags (PET) and FDR < 1e-10 were retained. All loops greater than 1
Mb in length were removed as previously performed (Mumbach et al., 2017). Of these high confidence DNA loops, only those that
were identified in two independent biological replicates were retained for analyses.

CUT&RUN analysis

Reads were trimmed with Trimmomatic (Bolger et al., 2014) using SLIDINGWINDOW:5:30. Paired-end trimmed reads were re-paired
with the repair.sh utility from bbmap (Bushnell, 2014). Reads were then mapped to the mm9 genome using Bowtie2 (Langmead et al.,
2009) with parameters as previously detailed (Skene and Henikoff, 2017) using —local —very-sensitive-local -no-unal -no-mixed —-no-
discordant —phred33 -1 10 -X 700. Only uniquely mapping reads were retained with samtools (Li et al., 2009) using parameters -h -b -F
3844 -q10. Two pseudoreplicates comprising 50% of reads were generated with macs2 randsample. Peaks were called from macs2
with pooled reads and with both pseudoreplicate samples (Zhang et al., 2008) using parameters -g mm -p 1e-1-nomodel-extsize
200. High-confidence FOS CUT&RUN peaks were identified with the Irreproducible Discovery Rate (IDR) pipeline from ENCODE
(Landt et al., 2012) with a threshold FDR 1e-5. Finally, regions containing perfect AP1 binding motifs (TGASTCA) were considered
high confidence FOS-bound sites. To define strong FOS binding sites in Figure S6M, we compared FOS CUT&RUNSs to IgG CU-
T&RUNSs using SICER (Zang et al., 2009) with W =100, G = 100, FDR < 0.001 thresholds for each biological replicate. Of these signif-
icantly enriched regions, those with at least a 2-fold enrichment of FOS compared to IgG were ranked based on the FDR, and the top
4000 significantly enriched regions were retained. Next, the intersect between FOS enriched regions between biological replicates
were selected, and finally, regions containing perfect AP1 binding motifs (TGASTCA) were selected. For motif analyses, cutruntools
(Zhu et al., 2019) was used using default parameters.

Single-nuclei RNA sequencing analyses

Fastq files were generated using mkfastq in Cell Ranger (10X Genomics). Biological replicates were aggregated using the Cell Ranger
“aggr” pipeline, and mapped to genes using Cell Ranger “count” pipeline (mm10-1.2.0_premrna). The data were clustered using
Seurat (Satija et al., 2015) as previously described (Stroud et al., 2017), except that nuclei with at least 500 genes covered were
retained for analyses and genes expressed in at least 3 nuclei were kept for analyses. T-distributed stochastic neighbor embedding
(t-SNE) plots and gene expression overlays were generated using the “TSNEplot” and “FeaturePlot” functions, respectively. The
transcript counts were normalized such that the sum of all genes in a given nucleus equals 10,000. Differential gene expression in
a given cell type was performed using Monocle (Trapnell et al., 2014). For Kir2.1 experiments, nuclei where the viral transcripts rep-
resented > 0.2% of total transcripts were determined to be infected by the virus, whereas nuclei where there were no viral transcripts
detected were determined to be uninfected by the virus.

Allele-specific mapping of C57BL/6J and SPRET/EiJ reads

The SPRET/EiJ pseudogenome was assembled as detailed in Vierbuchen et al. (2017). Briefly, SNPs in the SPRET/EiJ relative to the
mm10 reference genome were annotated with VCFtools, only high-confidence SNPs were retained, and these SNPs were used to
construct the SPRET/EiJ pseudogenome with Modtools. Reads were trimmed with Trimmomatic (Bolger et al., 2014) using SLIDING-
WINDOW:5:30. Paired-end trimmed reads were re-paired with the repair.sh utility from bbmap (Bushnell, 2014). Each read was map-
ped in parallel to both the mm10 reference genome or the generated SPRET/EiJ pseudogenome. Reads initially mapped to the
SPRET/EiJ pseudogenome were converted back to mm10 reference genome coordinates with Lapels (Huang et al., 2014). BAM files
with mapped reads that overlapped at least one SPRET/EiJ SNP were retained for downstream analysis. These reads converted
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back into FASTQ files wherein every possible allelic combination of SNPs for each read was represented (up to 2720 reads). The
original reads were only retained if and only if all possible allelic combinations mapped to the same coordinates on the alternate
genome. All distal ATAC-seq peaks from C57BL/6J that overlapped H3K27ac peaks (i.e., active enhancers from Figure 2) were
examined for consensus AP-1 motifs (TGA[G/C]TCA) (Risse et al., 1989) within the central £ 250 bp. Only those that contained at least
one C57BL/6J-specific and zero strain-shared consensus AP-1 motifs were considered for Figure 6E and their coordinates were
lifted from mm9 to mm10 with UCSC’s liftOver utility. Aggregate plots of H3K27ac read density centered on ATAC-seq summits
were generated with HOMER 4.9 and the following parameters: mm10 -size 2000 -hist 10.
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