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SUMMARY

Neuronal activity-dependent transcription is tuned to
ensure precise gene induction during periods of
heightened synaptic activity, allowing for appro-
priate responses of activated neurons within neural
circuits. The consequences of aberrant induction of
activity-dependent genes on neuronal physiology
are not yet clear. Here, we demonstrate that, in the
absence of synaptic excitation, the basic-helix-
loop-helix (bHLH)-PAS family transcription factor
ARNT2 recruits the NCoR2 co-repressor complex
to suppress neuronal activity-dependent regulatory
elements and maintain low basal levels of inducible
genes. This restricts inhibition of excitatory neurons,
maintaining them in a state that is receptive to
future sensory stimuli. By contrast, in response to
heightened neuronal activity, ARNT2 recruits the
neuronal-specific bHLH-PAS factor NPAS4 to
activity-dependent regulatory elements to induce
transcription and thereby increase somatic inhibi-
tory input. Thus, the interplay of bHLH-PAS com-
plexes at activity-dependent regulatory elements
maintains temporal control of activity-dependent
gene expression and scales somatic inhibition with
circuit activity.

INTRODUCTION

Sensory experience drives the development and maturation of
the nervous system in part through the activation of an intricate
program of gene transcription (Leslie and Nedivi, 2011; Yap
and Greenberg, 2018). The sensory-dependent gene program
in neurons is induced when action potentials promote sufficient
calcium influx at the cell soma to activate signaling networks that
transiently induce transcription at the loci of immediate early
genes (IEGs), including those that encode FOS and JUN family
members (AP-1) and the neuronal Per-Arnt-Sim (PAS) domain
protein 4 (NPAS4) (Greenberg and Ziff, 1984; Greenberg et al.,
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1986; Lin et al., 2008; Morgan and Curran, 1986). The AP-1 family
and NPAS4 are transcription factors (TFs) that activate programs
of gene transcription that are remarkably cell type specific (Mar-
dinly et al., 2016; Spiegel et al., 2014; Vierbuchen et al., 2017)
and thus tailored to the function of each neuronal subtype within
the brain. Notably, mutations in specific components of this
activity-regulated signaling network can contribute to cognitive
disorders, including intellectual disability, autism spectrum dis-
orders, and schizophrenia (De Rubeis et al., 2014; Ebert and
Greenberg, 2013). These observations underscore the impor-
tance of the activity-dependent gene program for neuronal func-
tion and circuit plasticity.

An emerging view is that the spatial and temporal precision of
gene expression in neurons is coordinated by the binding of
select TFs to promoters and enhancers in the genome (Kim
et al., 2010; Long et al., 2016; Nord et al., 2015; Tyssowski
et al., 2018). Enhancers are DNA sequences that can act over
a distance of several hundred kilobases to potentiate gene
expression by delivering regulatory transcriptional complexes
to gene promoters adjacent to the site of transcriptional initiation
(Gray et al., 2015). Across a variety of cell types and species, a
balance of activating and repressive factors binds these regula-
tory elements to ensure that gene transcription is spatiotempo-
rally controlled (Koenecke et al., 2017; Nord et al., 2013; Patta-
biraman et al., 2014). Additionally, it is now appreciated that, in
neurons, membrane depolarization leads to the activation of
thousands of regulatory elements across the genome, a process
driven by a series of regulated molecular events, including
the remodeling of nucleosomes to facilitate the binding of
sequence-specific transcription factors and the modification of
histone octamers (e.g., acetylation and phosphorylation) to relax
chromatin structure and establish platforms for the recruitment
of additional transcriptional machinery (Gray et al., 2015; Heinz
et al., 2015). Although the mechanisms driving inducible gene
transcription in neurons have been extensively studied (Joo
etal., 2016; Kim et al., 2010; Malik et al., 2014), comparatively lit-
tle is understood about whether and how repression of activity-
dependent regulatory elements control activity-dependent gene
expression programs.

Given the narrow temporal window during which experience
drives activity-dependent gene transcription to produce synap-
tic changes, neurons have likely evolved multiple strategies to
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restrict inducible transcription prior to sensory stimulation. Long-
term silencing of regulatory elements and genes is thought to be
mediated in part by the methylation of DNA via the coordinated
action of the DNA methyltransferase DNMT3A and methyl-bind-
ing protein MeCP2 during embryonic and postnatal develop-
ment (Feng et al., 2010; Kinde et al., 2015; Lister et al., 2013;
Stroud et al., 2017). However, the transient transcriptional acti-
vation of inducible genes is thought to circumvent long-term
epigenetic silencing, suggesting alternative mechanisms that
might reversibly suppress these sites specifically during periods
of low stimulation (Stroud et al., 2017). Previous studies that
focused exclusively on the promoters of individual IEGs reported
that specific protein complexes bind in the absence of calcium
influx to maintain low levels of gene expression, possibly through
recruitment of histone deacetylases (Carrion et al., 1999; Mell-
strom et al., 2014; Panteleeva et al., 2004; Qiu and Ghosh,
2008). For example, in silenced neurons, the histone deacetylase
HDAC4 transiently localizes to the nucleus, where it represses
genes encoding synaptic proteins in concert with the MEF2 fam-
ily of transcription factors (Chawla et al., 2003; Sando et al.,
2012). Additional studies suggest that restriction of inducible
gene expression to the appropriate context may occur primarily
at the level of chromatin accessibility of enhancer elements (Os-
tuni et al., 2013). In dentate granule neurons (Su et al., 2017), fi-
broblasts (Vierbuchen et al., 2017), and immune cells (Ostuni
et al., 2013), stimulus-responsive enhancers are occluded by
histone octamers, and thus, nucleosomes limit binding of TF
complexes in the absence of stimulation. However, the full reper-
toire of repressive mechanisms that restrict activity-dependent
regulatory elements across the neuronal genome is lacking,
and the functional consequences of de-repressing activity-
dependent transcriptional programs on neural circuits remain
unclear.

To address these gaps in knowledge, we first sought to iden-
tify and characterize the elements responsible for specifically
regulating neuronal activity-dependent gene expression. We
employed NPAS4 as a molecular marker of such loci, as
NPAS4 is selectively induced in neurons specifically in response
to membrane-depolarization-induced calcium signaling (Lin
et al., 2008; Ramamoorthi et al., 2011). Once activated, NPAS4
induces neuronal subtype-specific gene programs and cellular
responses (Bloodgood et al., 2013; Spiegel et al., 2014). For
example, in hippocampal CA1 pyramidal neurons, NPAS4 acti-
vates a program of gene expression that recruits inhibitory
synapses to the pyramidal neuron soma, and in somatostatin-
positive inhibitory neurons, NPAS4 induces a gene program
that enhances the number of excitatory synapses that form on
NPAS4-expressing somatostatin neurons. Defects in these
NPAS4-dependent effects on synaptic architecture have been
hypothesized to underlie developmental and behavioral deficits
in mice harboring a deletion of the Npas4 gene, including defec-
tive ocular dominance column plasticity, altered social interac-
tion, and impaired contextual fear and reward-related learning
(Heslin and Coutellier, 2018; Mardinly et al., 2016; Ramamoorthi
et al., 2011; Taniguchi et al., 2017). Despite the known effects of
NPAS4 on synaptic physiology and behavior, it is not clear
whether and how the NPAS4-bound subset of stimulus-respon-
sive regulatory elements is kept off prior to sensory stimulation

so that activity-dependent gene transcription occurs in a precise
and temporally controlled manner.

In the present study, we characterized the molecular mecha-
nisms that restrict the activity of NPAS4-bound regulatory ele-
ments prior to stimulation. We first generated a comprehensive
atlas of NPAS4 binding sites in stimulated neurons to identify
the enhancers and promoters that could then be examined prior
to stimulation. We identified the basic-helix-loop-helix (bHLH)-
PAS transcription factor ARNT2 as a heterodimeric partner of
NPAS4 that is expressed prior to neuronal activity. Unlike
NPAS4, we find that ARNT2 binds to these same elements prior
to stimulation, and perturbation of ARNT2 in unstimulated neu-
rons results in the de-repression of activity-dependent transcrip-
tion and an enhancement of somatic inhibition. ARNT2 functions
in silent neurons by recruiting the NCoR2 repressor complex
components (NCoR2, TBL1, and HDACS3) to activity-dependent
regulatory elements to suppress activity-dependent genes and
restrict inhibitory synaptic plasticity. In response to neuronal ac-
tivity, NPAS4 is induced and forms a complex with ARNT2 to
induce gene expression, thus shifting the balance between
repression and activation. Surprisingly, NCoR2 is also inducibly
recruited to NPAS4-bound enhancers in stimulated neurons and,
in this context, appears to augment the expression of activity-
dependent genes. Thus, through the recruitment of distinct
cofactors in the basal and stimulated states, ARNT2 exerts
opposing effects on activity-regulated transcription to maintain
an appropriate level of somatic inhibition as CA1 pyramidal neu-
rons respond to changing levels of sensory input.

RESULTS

Identification of NPAS4-Bound Inducible Regulatory
Elements

We hypothesized that identifying the set of regulatory elements
bound by NPAS4 would provide insight into mechanisms of
activity-dependent transcription unique to neurons. We per-
formed chromatin immunoprecipitation sequencing (ChiP-seq)
for NPAS4 in primary cultured cortical neurons exposed to
elevated levels of KCI (565 mM), which depolarizes the neuronal
membrane and leads to robust induction of Npas4 mRNA and
protein (Lin et al., 2008). We identified 11,199 NPAS4 binding
sites across the genome, of which 76% were promoter-distal
(Figures 1A and S1A). By contrast, in untreated neurons, where
NPAS4 is not expressed, we observed minimal binding of
NPAS4 across the genome (Figures 1A and S1B). We confirmed
the specificity of the NPAS4 ChIP by demonstrating significantly
reduced binding in neurons transduced with Npas4 short hairpin
RNA (shRNA) (Figure S1B).

To focus on the functional NPAS4 binding sites, we estab-
lished a list of active regulatory elements in the primary neuron
culture system by performing ATAC-seq (assay for transpo-
sase-accessible chromatin by sequencing), which measures
chromatin accessibility, and ChIP-seq for acetylation of
histone 3 lysine 27 (H3K27ac), a chromatin modification whose
abundance scales with regulatory element activity (Buenrostro
et al., 2015; Creyghton et al., 2010; Rada-Iglesias et al., 2011;
Figures 1B and 1C; STAR Methods). We defined active regula-
tory elements as regions where ATAC-seq and H3K27ac
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ChIP-seq signals intersect in at least one of the experimental
conditions used in this study and identified 31,138 peaks by
these criteria (8,469 TSS-proximal elements [promoters] and
22,669 TSS-distal elements [enhancers]; Figure S1C). Intersect-
ing these active regulatory elements with our NPAS4 ChIP-seq
peaks yields 8,966 NPAS4-bound regulatory elements (2,614
promoters and 6,352 enhancers).

We next asked whether NPAS4-bound, activity-dependent
regulatory elements require NPAS4 for their activation. We
derived primary cortical neurons from Npas4™" mice and ex-
pressed via lentivirus either GFP as a control or Cre and then
stimulated the neurons with KCI to trigger activity-dependent
transcription. When NPAS4 is deleted, we observe a statistically
significant decrease in H3K27ac ChlIP signal at the majority of
NPAS4-bound, activity-regulated enhancers (Figure 1D) and
promoters (Figure S1D). Additionally, lentiviral overexpression
of NPAS4 in wild-type, unstimulated cortical neurons resulted
in increased H3K27ac at NPAS4-bound sites (Figures 1E, 1F,
and S1E). To further confirm NPAS4’s ability to activate en-
hancers and promoters, we cloned DNA sequences with strong
and weak NPAS4 binding into luciferase reporters (Table S1) and
examined their depolarization-dependent activation in neurons
transfected with either a non-targeting shRNA or shRNAs
targeting Npas4. Consistent with a role for NPAS4 in enhancer
activation, knockdown of NPAS4 significantly reduced inducible
reporter activity, particularly at high-confidence NPAS4 binding
sites (Figures 1G and S1F).

Single-Cell RNA-Seq Identifies ARNT2 as a Candidate
Regulator of Enhancers in Silent Neurons

Having identified the NPAS4-bound, activity-dependent regula-
tory elements, we next examined these elements prior to stimu-
lation. We refer to these elements as presumptive NPAS4 bind-
ing sites when they are analyzed in unstimulated neurons where
NPAS4 is not expressed. We found that, in unstimulated neu-
rons, presumptive NPAS4 binding sites have higher levels of
chromatin accessibility and H3K27ac acetylation than regulatory
regions that do not bind NPAS4 (Figures 1B and 1C). Because
we observe accessible chromatin and H3K27ac signal at pre-
sumptive NPAS4-bound sites prior to stimulation (Figures 1B
and 1C), it seems unlikely that occlusion by histone octamers
is the repressive mechanism restricting NPAS4-bound regula-
tory elements. Rather, we hypothesized that these accessible
presumptive NPAS4 binding sites might be bound by an uniden-
tified complex that is removed or inactivated in response to
neuronal activity. As NPAS4 is a member of the bHLH-PAS fam-
ily, whose members form obligate homo- or heterodimers to bind
DNA (Ooce et al., 2004), we considered the possibility that, in un-
stimulated neurons, another bHLH-PAS domain protein might be
expressed that binds to the presumptive NPAS4 sites and func-
tions as a repressor. To identify bHLH-PAS proteins that are ex-
pressed in neurons prior to stimulation, we performed single-cell
RNA sequencing (scRNA-seq) from primary neuron cultures
using the inDrops platform (Klein et al., 2015). In this dataset,
as well as previously published scRNA-seq data from the visual

Figure 1. Identification of NPAS4-Bound Inducible Enhancers

(A) ChIP-seq signal for NPAS4 genomic binding sites in unstimulated (left) and stimulated (right) cortical neuron cultures sorted by descending binding strength.
Each NPAS4 binding site is represented as a single horizontal line (blue) centered at the peak summit with flanking 2 kb. Color denotes ChIP-seq signal intensity
(displayed in log,[counts per million + 1]).

(B) (Top) Log, fold change in ATAC-seq signal comparing 2 h membrane depolarization by addition of 55 mM KCI (stimulated) to samples not treated with KCI
(unstimulated). Data are plotted as a function of log,-normalized ATAC-seq signal (counts per million) in unstimulated cultured cortical neurons at enhancers (left)
and promoters (right). Dark gray points denote activity-regulated sites (>1.5-fold increase in ATAC signal upon depolarization; false discovery rate [FDR] < 0.05).
(Bottom) Box-whisker plots show median and distribution of log,-normalized ATAC-seq signal in the unstimulated condition at non-NPAS4-bound regulatory
elements (red), presumptive NPAS4-bound regulatory elements (blue), and non-regulatory sequences 5 kb away from 10,000 randomly chosen ATAC-seq
positive regions (yellow). ***p < 0.001; Wilcoxon signed-rank test.

(C) (Top) Log,, fold change in H3K27ac-seq signal comparing 2 h membrane depolarization by addition of 55 mM KCI (stimulated) to samples not treated with KCI
(unstimulated). Data are plotted as a function of log,-normalized H3K27ac-seq signal (counts per million) in unstimulated cultured cortical neurons at enhancers
(left) and promoters (right). Dark green points denote activity-regulated sites (>1.5-fold increase in H3K27ac signal upon depolarization; FDR < 0.05). (Bottom)
Box-whisker plots show median and distribution of log,-normalized H3K27ac-seq signal in the unstimulated condition at non-NPAS4-bound regulatory elements
(red), presumptive NPAS4-bound regulatory elements (blue), and non-regulatory sequences 5 kb away from 10,000 randomly chosen ATAC-seq-positive regions
(yellow). ***p < 0.001; Wilcoxon signed-rank test.

(D) H3K27ac log,-fold change between depolarized Npas4™" neurons infected with Cre compared to control GFP plotted as quantiles of NPAS4 binding strength
at enhancer regions (1 < 4). — indicates sites not bound by NPAS4. ***p < 0.001 in a Wilcoxon rank-sum test comparing the fold change distribution for a given
quantile relative to non-bound sites.

(E) H3K27ac log,-fold change between unstimulated neurons overexpressing NPAS4 compared to control GFP plotted as quantiles of NPAS4 binding strength at
enhancer regions (1 < 4). — indicates sites not bound by NPAS4. ***p < 0.001 in a Wilcoxon rank-sum test comparing the fold change distribution for a given
quantile relative to non-bound sites.

(F) University of California, Santa Cruz (UCSC) genome browser ChlP-seq tracks displaying NPAS4-dependent effects on H3K27ac at a representative enhancer
in cortical cultures stimulated with 55 mM KCI. Each ChIP-seq track is labeled for the ChIP-ed factor, time point after membrane depolarization, and treatment.
(G) Scatterplot of relative luciferase activity in 6 h KCI-depolarized neurons as a function of NPAS4 binding strength. Relative luciferase activity was calculated as
the ratio of (luciferase over renilla values in Npas4 shRNA-treated cells)/(luciferase over renilla values in control shRNA-treated cells). Each point represents an
independent biological replicate for a given luciferase construct (13 luciferase constructs plotted). Shaded lines indicate 95% confidence interval around line
of regression. Pearson correlation: Npas4 shRNA#1 R = —0.68, p = 2.2e—08; Npas4 shRNA#2 R = —0.82, p = 4.1e—09). Spearman correlation: Npas4
shRNA#1 R = —0.67, p = 7.1e—08; Npas4 shRNA#2 R = —0.74, p = 6.6e—07).

(H) Heatmap of mean scRNA-seq bHLH-PAS TF expression by cell type in cultured cortical neurons. Columns denote cell type at the specified stimulation
condition (unstimulated, 1 h 55 mM KCl, 6 h 55 mM KCI). Expression is in units of mean transcripts per thousand (TPT).

(I) Mean co-expression of Npas4 and bHLH-PAS transcription factors across Npas4-positive cells of indicated neuronal subtype. Fraction of co-expression is
indicated in each cell.
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Figure 2. ARNT2 Represses Activity-Dependent Transcription prior to Neuronal Activity

(A) ChIP-seq signal for ARNT2 at presumptive NPAS4 sites in unstimulated cortical neuron cultures (left) and CA1 hippocampal tissue derived from standard
housed mice (right) sorted by descending binding strength. Each ARNT2 binding site is represented as a single horizontal line (orange) centered at the peak
summit with flanking 2 kb. Color denotes ChiP-seq signal intensity (displayed in logs[counts per million + 1]). Peaks are split between distal enhancers bound by
NPAS4 (n = 6,352) and TSS-proximal promoters bound by NPAS4 (n = 2,614).

(B) Venn diagram of overlap between NPAS4 binding sites in stimulated neurons (2 KCI) and ARNT2 binding sites in unstimulated cultured cortical neurons (0 KClI,
left) and adult hippocampus (Strd Housing, right). Fisher’s exact test odds ratios (OR) and p values for set intersection are shown.

(legend continued on next page)
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cortex, we found ARNT2 to be the most robustly expressed
bHLH-PAS transcription factor across all neuronal cell clusters
and activity states (Figures 1H and S1G-S1L) and confirmed
that ARNT2 and NPAS4 are co-expressed in individual neurons
(Figure 11).

ARNT2 Suppresses Activity-Dependent Transcription in
Neurons prior to Neuronal Activity

As ARNT2 is the most highly expressed PAS domain protein in un-
stimulated neurons, we asked whether ARNT2 binds to presump-
tive NPAS4 regulatory elements in the absence of membrane
depolarization. We generated an anti-ARNT2 antibody (Figures
S2A and S2B) and performed ChIP-seq in unstimulated cultured
cortical neurons. We identified 17,490 ARNT2 binding sites
(14,323 that overlap with our set of active elements) that display
a similar genome-wide distribution to NPAS4 sites (Figures 2A
and S2C). We observed a two-fold reduction in aggregated
ARNT2 ChlP-seq signal in neuronal cultures transduced with
two independent Arnt2 shRNAs, confirming ChlP-seq specificity
(Figures S2D and S2E). We also determined ARNT2 binding in vivo
using hippocampal tissue from wild-type mice raised in standard
housing, where hippocampal neurons are relatively inactive (Lin
etal., 2008; Figure 2A). Notably, ARNT2 binds at a significant frac-
tion of presumptive NPAS4 regulatory elements in both primary
cultures and in adult hippocampus (Figure 2B). Consistent with
a role for NPAS4 in regulatory element activation, twice as many
NPAS4:ARNT2 co-bound sites display a significant 1.5-fold in-
crease in H3K27ac in response to membrane depolarization
compared to sites bound by ARNT2 alone. These two classes of
sites show no differences in their promoter and/or enhancer distri-
bution, H3K27ac signal, or ATAC signal (Figure S2F).

Motif analysis of the strongest 5,000 NPAS4:ARNT2 co-bound
and 4,632 ARNT2-only-bound enhancers revealed a previously
described NPAS4:ARNT2 motif (Ooe et al., 2004) as the most
significantly enriched hit (Figure 2C). However, NPAS4:ARNT2
co-bound sites are enriched for the sequence TCGTG-A, and
ARNT2 only sites are more CG rich (e.g., GNGNA-CGTG-C),
suggesting a potential sequence preference for NPAS4 recruit-
ment to a subset of ARNT2-bound sites (Figure 2C). Finally, we
note enrichment for activity-dependent TF motifs (e.g., AP-1) in
the NPAS4:ARNT2 co-bound set relative to ARNT2-only-bound
sites, consistent with the hypothesis that ARNT2 enhancers
are activity dependent if they recruit NPAS4 (Figure S2G).

Given the low levels of activity-dependent transcription in
unstimulated neurons, we considered whether ARNT2 might
actively suppress activity-dependent gene expression prior to
stimulation. Alternatively, ARNT2 may passively prime sites for
NPAS4 recruitment, but not directly repress gene expression.
To distinguish between these potential mechanisms, we as-
sessed changes to gene transcription upon ARNT2 depletion
by injecting adeno-associated viruses (AAVs) expressing an
Arnt2 shRNA or a control, non-targeting shRNA into the left or
right hippocampus, respectively, and performing RNA-seq onin-
fected tissue (Figures S2H-S2J). We observed that, in Arnt2
shRNA-treated samples, activity-dependent genes specifically
increase in expression compared to the set of all genes (which
show no change), suggesting that ARNT2 dampens activity-
dependent gene expression in unstimulated neurons (Figure 2D).
Furthermore, we observe that 99% of activity-dependent genes
within 50 kb of an ARNT2 binding site show upregulation upon
ARNT2 knockdown, consistent with direct ARNT2-mediated
repression. However, the set of ARNT2-repressed genes also in-
cludes non-activity-inducible genes, suggesting that ARNT2
repression is not restricted to activity-dependent genes (Figures
2D and 2E). To exclude the possibility that the increased expres-
sion of activity-regulated genes is an indirect effect of ARNT2
depletion on neuronal excitability, we measured and observed
no significant changes in the spiking responses to current injec-
tion or evoked excitatory currents (evoked excitatory postsyn-
aptic currents [eEPSCs]) between wild-type and Arnt2 shRNA-
infected neurons (Figures S4D and S4F; STAR Methods).

We next asked whether ARNT2 might repress transcription by
promoting changes to chromatin at ARNT2 binding sites. We iso-
lated CA1 pyramidal neurons infected with an Arnt2 or control
shRNA using the INTACT approach (Mo et al., 2015) and per-
formed ATAC-seq (STAR Methods). Disrupting ARNT2 expres-
sion in unstimulated neurons increased chromatin accessibility
across all quantiles of ARNT2 binding strength (Figure 2F). We
also observed a similar trend toward increased H3K27ac signal
at activity-dependent regulatory elements bound by ARNT2,
but this increase did not correlate with ARNT2 binding strength,
suggesting that ARNT2-mediated repression may modify chro-
matin independently of H3K27ac at the measured time points
(Figure S2K). Indeed, knocking down ARNT2 expression in unsti-
mulated neurons modestly increases luciferase reporter activity
at a subset of ARNT2 sites (Figure S2L). Taken together, these

(C) (Left) K-mer set memory (KSM) representations of top motif enriched when comparing the 5,000 best NPAS4-positive/ARNT2-positive enhancers against the
4,632 best NPAS4-negative/ARNT2-positive sites. (Right) Reversed analysis shows top motif enriched in 4,632 best ARNT2-only-bound sites. K-mer alignment
and clustering (KMAC) output partial area under receiver operating characteristic curve (auc) values is shown.

(D) (Top) —Log+o(false discovery rate [FDR]) versus log, fold change in gene expression between Arnt2 shRNA and control shRNA-infected hippocampal
hemispheres in mice raised in standard housing conditions with low basal transcriptional activity. ARNT2-regulated genes are defined as fold change > 1.5 and
FDR < 0.05 when comparing Arnt2 shRNA-injected animals against control shRNA (demarcated by top left and top right sectors). Activity-regulated genes
(plotted in orange) are defined as fold change > 1.5 and FDR < 0.05 when comparing kainate-injected animals against saline-injected controls (Figure S2H).
(Bottom) Box and whisker plots display the distribution of log, fold changes (Arnt2 shRNA over control shRNA values) of all genes (gray) and activity-dependent
genes (orange). p = 1.4e—117 in the Wilcoxon rank-sum test.

(E) Gene expression in log,(reads per kilobase million [RPKM]+1) for all activity-regulated genes in control shRNA or Arnt2 shRNA-infected hippocampal
hemispheres of standard housed animals. Each gene is connected by a line across its expression values between the two conditions. Orange-colored lines
indicate genes within 50 kb of an ARNT2 ChIP-seq peak.

(F) Normalized ATAC signal in CA1 pyramidal neurons isolated from Arnt2 shRNA and control shRNA-infected hippocampi in standard housed mice for
NPAS4-bound enhancers (left) and promoters (right). Data are plotted by quantiles of in vitro ARNT2 binding strength (3 > 1). — indicates sites not bound by
ARNT2. *p < 0.01, **p < 0.001; Wilcoxon signed-rank test comparing distributions of Arnt2 shRNA and control shRNA conditions by quantile.
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Figure 3. ARNT2 Recruits the NCoR2 Co-repressor Complex to Enhancers in Unstimulated Neurons

(A) —Log10(FDR) versus log, fold change in peptides obtained by immunoprecipitation followed by mass spectrometry (IP-MS) with an anti-ARNT2 antibody in
stimulated primary cortical neurons relative to peptides immunoprecipitated with an immunoglobulin G (IgG) control. Blue points indicate proteins with FDR < 0.1
and logoFC > 0. Purple points indicate members of the NCoR2 co-repressor complex.
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findings suggest that ARNT2 is as a repressor of activity-regu-
lated gene expression in unstimulated neurons.

Identification of ARNT2 Cofactors in Unstimulated
Neurons

As ARNT2 does not possess a repressor domain (Ooe et al.,
2009; Teh et al., 2006), we sought to identify potential repressive
ARNT2 cofactors by immunoprecipitating ARNT2 from neuronal
lysates and performing mass spectrometry (IP-MS). In addition
to the known ARNT2 heterodimer partners NPAS3, NPAS1,
and NPAS4 (Wu et al., 2016; Figures 3A, S3A, and S3B; Table
S2), the most abundant peptides identified were derived from
NCoR2, the nucleating member of the NCoR2 co-repressor
complex (Chen and Evans, 1995; Perissi et al., 2010). We also
identified NCoR2 complex components TBLR1, TBL1, and
HDACS as interactors of ARNT2 in neurons (Figures 3A and
3B). We confirmed by immunoblot analysis that NCoR2
and TBL1 co-immunoprecipitate with ARNT2 in unstimulated
cortical neurons and adult hippocampus derived from animals
raised in standard housing conditions (Figure 3C), thus validating
the IP-MS observation that ARNT2 interacts with the NCoR2
complex during periods of low neuronal activity.

ARNT2 Recruits the NCoR2 Complex to Suppress
Activity-Dependent Genes in Neurons
The NCoR2 complex has been suggested to repress transcrip-
tion in a variety of cell types primarily through the action of
its enzymatic component, the histone deacetylase HDAC3
(Guenther et al., 2000; Mottis et al., 2013). Although NCoR2 func-
tion in mature neurons remains unclear, we wondered whether
one critical role of this complex is to modulate activity-depen-
dent gene expression via interaction with ARNT2. We therefore
performed NCoR2, TBL1, and HDAC3 ChlP-seq in unstimulated
cortical neurons and observed binding of all three complex com-
ponents at presumptive NPAS4 regulatory elements across the
genome (Figures 3D-3F, S3C, and S3D). To reduce the detection
of false-positive NCoR2 binding sites, we performed ChIP-seq
with two independent antibodies generated against distinct
NCoR2 domains and verified that shRNA-mediated depletion
of NCoR2 in neuronal cultures significantly reduces NCoR2
ChlP-seq signal (Figures 3E, S3E, and S3F; STAR Methods).
We next asked whether ARNT2 is required to recruit NCoR2 to
presumptive NPAS4 binding sites by performing NCoR2 ChlP-
seq in unstimulated neurons transduced with control or Arnt2
shRNA. NCoR2 binding at these elements is significantly
reduced in ARNT2-depleted neurons (Figure 3G), in contrast to

elements not bound by NPAS4:ARNT2, indicating that ARNT2
is partially required for the specific targeting of NCoR2 to pre-
sumptive NPAS4 sites (Figure 3G).

Having shown that ARNT2 recruits NCoR2 to activity-depen-
dent enhancers in silent neurons, we next examined whether
NCoR2 works in concert with ARNT2 to repress activity-depen-
dent genes. To this end, we injected AAVs expressing Cre-GFP
and a catalytically inactive control (ACre-mCherry) into the left or
right hippocampus of Ncor2™" mice, respectively, and per-
formed RNA-seq (Figure S4A). We found that activity-dependent
genes were broadly upregulated in hippocampi depleted of
NCoR2 compared to all genes, as observed in ARNT2-depleted
neurons (Figures 2D, 4A, 4B, S4B, and S4C). As for the ARNT2
loss-of-function experiments, we confirmed that spiking re-
sponses to current injection (input over output curve) and evoked
excitatory currents (e€EPSCs) were unchanged upon depletion of
NCoR2 (Figures S4E and S4G). These experiments suggest that,
in the absence of neuronal activity, ARNT2 and the NCoR2 com-
plex restrain activity-dependent gene transcription.

ARNT2:NCoR2 Loss of Function Impairs Recruitment of
Somatic Inhibition

Because the NPAS4-dependent gene program has previously
been reported to promote somatic inhibition onto CA1 pyramidal
neurons, we investigated whether reducing expression of either
ARNT?2 (by shRNA) or NCoR2 (by Cre in NCoR2"" mice) results
in increased somatic inhibition under standard housing condi-
tions where activity-dependent genes are not expressed (Blood-
goodetal.,2013; Linetal., 2008). We found that both ARNT2-and
NCoR2-depleted neurons display an increase in evoked inhibi-
tory postsynaptic current (elPSC) amplitude when compared to
neighboring control neurons (Figures 4C and 4D). These observa-
tions support a model in which removal of ARNT2:NCoR2-medi-
ated repression of the activity-dependent program is sufficient to
trigger aberrant inhibition without affecting neuronal excitability,
as measured by I/0 curve and eEPSCs (Figures S4D-S4G).

ARNT2:NPAS4 Facilitates Activity-Dependent Gene
Induction

We next investigated how neurons overcome ARNT2:NCoR2-
mediated repression upon stimulation to induce transcription
and promote activity-dependent modifications to neural circuits.
Prior work has shown that ARNT2 and NPAS4 directly interact
(Ooe et al., 2004), suggesting that ARNT2 may mediate
NPAS4-dependent gene activation. We confirmed the direct
interaction of NPAS4 and ARNT2 by performing NPAS4 IP-MS

(B) Peptide counts for NCoR2 complex components identified by ARNT2 IP-MS across three replicates from cultured cortical neurons.

(C) Immunoblot analysis of immunoprecipitations performed in cultured neurons and adult hippocampus confirms the interaction between ARNT2 and the NCoR2
complex components NCoR2 and TBL1. The known ARNT2 interactor NPAS3 serves as a positive control for the colP.

(D) Heatmaps of normalized ChIP-seq signal for NCoR2, TBL1, and HDAC3 at presumptive NPAS4 enhancers (upper plots) and promoters (lower plots) in
unstimulated (0 h KCI) cortical neuron cultures. Each binding site is represented as a single horizontal line centered at the peak summit, and the intensity of color
correlates with sequencing signal. Peaks are ordered by decreasing NPAS4 peak intensity.

(E) Representative UCSC genome browser ChIP-seq tracks demonstrating co-localization of the NCoR2 complex at a presumptive NPAS4 enhancer. Each

ChlIP-seq track is labeled by target, stimulus, and tissue.

(F) Overlap of NCoR2 and ARNT2 binding in unstimulated neurons with presumptive NPAS4 binding sites for enhancers (left) and promoters (right). ***p = 0, as
determined by a bootstrapped random sampling approach detailed in STAR Methods.
(G) Mean NCoR2 ChIP-seq signal in control or ARNT2-depleted neurons at presumptive NPAS4-bound enhancers (left) or enhancers not bound by

NPAS4:ARNT2 (right).
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Figure 4. NCoR2 Represses Activity-Dependent Genes in Neurons to Modulate Somatic Inhibition

(A) (Top) —Log1o(FDR) versus log, fold change in gene expression between Cre-GFP and ACre-mCherry-infected hippocampal hemispheres in Ncor2™ mice
raised in standard housing conditions. NCoR2-regulated genes are defined as fold change > 1.5 and FDR < 0.05 when comparing Cre-injected animals against
ACre (demarcated by top left and top right sectors). Activity-regulated genes (plotted in purple) are defined as fold change > 1.5 and FDR < 0.05 when comparing
kainate-injected animals against saline-injected controls. (Bottom) Box and whisker plots display the distribution of log, fold changes (Cre/ACre) of all genes
(gray) and activity-dependent genes (purple). p = 3.3e—61 in the Wilcoxon rank-sum test.
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in membrane-depolarized cortical neurons (Figure 5A; Table S2)
and validated the results by (1) reciprocal co-immunoprecipita-
tion of NPAS4 and ARNT2 from embryonic cortical neurons
(Figures 5B and S5A) and adult brain extracts (Figure 5B) and
(2) using 293T overexpression assays (Figure S5B). These data
indicate that ARNT2 is the primary heterodimer partner of
NPAS4 in neurons.

We next asked whether ARNT2, in addition to its repressive
role in silent neurons, mediates NPAS4-dependent activation in
stimulated neurons. We confirmed that ARNT2 is bound at
89% of NPAS4-bound regulatory elements in stimulated neu-
rons (Figures 5C and S5C). To test the requirement of ARNT2
for targeting NPAS4 to the genome, we performed NPAS4
ChIP-seq in depolarized neurons transduced with an Arnt2
shRNA. NPAS4 protein levels were unchanged in ARNT2-
depleted neurons (Figure S5D), but NPAS4 binding to
activity-regulated enhancers was strongly reduced relative to
control shRNA-treated neurons, indicating that NPAS4 requires
ARNT2 to bind its target sites (Figure 5D).

Given its role in NPAS4 targeting, we tested whether depletion
of ARNT2 decreases enhancer and promoter activation in stim-
ulated neurons. We observed a significant decrease in
H3K27ac ChlP-seq signal at NPAS4:ARNT2 co-bound regulato-
ry elements (Figures 5E and 5F) and decreased luciferase re-
porter activity at the majority of NPAS4 sites tested (Figures
S5E and S5F). These data indicate that, in contrast to its repres-
sive function in unstimulated neurons, ARNT2 is required for the
activation of NPAS4-bound regulatory elements in stimulated
neurons. We therefore hypothesized that disrupting the
NPAS4:ARNT?2 interaction would also impair NPAS4-dependent
gene transcription. Indeed, expression of a mutant NPAS4 inca-
pable of binding ARNT2 (NPAS42"AS) failed to increase gene
expression (Figures 5G and S5G). Taken together, these data
demonstrate that ARNT2 is required for NPAS4-dependent tran-
scription in stimulated neurons.

Neuronal Activity Partially Decouples ARNT2:NCoR2
from Its Repressive Role

Given that an NPAS4:ARNT2 activator complex is recruited to
activity-dependent regulatory elements upon membrane depo-
larization, we anticipated that neuronal activity might trigger
the eviction of the repressive ARNT2:NCoR2 complex, thus
contributing to induced transcription, as previously suggested
(Telese et al., 2015). However, we did not detect a reduction in
binding of NCoR2, TBL1, or HDAC3 at 2 h post-depolarization
in cortical neurons (Figures 6A and 6B). Instead, we observed

no change in TBL1 and HDAC3 and, surprisingly, increased
NCoR2 ChlIP signal specifically at NPAS4-bound regulatory ele-
ments (Figures 6A and 6B). Although we cannot exclude the
possibility that this increase in NCoR2 ChIP-seq signal is due
to differential epitope accessibility in stimulated neurons, we
consistently observed this result with two distinct anti-NCoR2
antibodies (Figure S6A). We also found that increased NCoR2
binding to NPAS4-bound enhancers upon membrane depolari-
zation fails to occur in ARNT2-depleted neurons, suggesting
that the activity-dependent recruitment of NCoR2 requires
ARNT2 (Figures S6B and 6C). Notably, NPAS4 did not co-immu-
noprecipitate with either TBL1 or NCoR2 in adult hippocampal or
in cultured cortical lysates (STAR Methods), suggesting that
ARNT2 may form separate complexes with NPAS4 and NCoR2
under these conditions (Figures 5A and S6C).

The recruitment of ARNT2 and NCoR2 to NPAS4-bound
enhancers could represent an additional function for ARNT2:
NCoR2 beyond the repression observed in silent neurons. To
test this, we injected viruses delivering Arnt2 shRNA or Cre
into the hippocampus (Figure S4A) to deplete either ARNT2 or
NCoR2 in CA1 and collected RNA from these mice 6 h after
the injection of kainate, a glutamate receptor agonist that
robustly induces activity-dependent genes (Bloodgood et al.,
2013). We found that the expression of the activity-dependent
gene set is significantly reduced in kainate-stimulated hippo-
campi lacking ARNT2 or NCoR2 compared to the contralateral
control hemisphere. By contrast, overall expression of the set
of all genes is not affected by ARNT2 or NCoR2 depletion (Fig-
ures 6D, 6E, and S6D). Depletion of NCoR2 also decreases the
ability of NPAS4:ARNT2-bound regulatory sites to drive lucif-
erase activity in stimulated neurons (Figure S6E). Together, these
data provide evidence that ARNT2 and NCoR2 boost activity-
dependent gene induction in membrane-depolarized neurons.

Because NPAS4:ARNT2 stimulates activity-dependent gene
transcription in membrane-depolarized neurons, we hypothe-
sized that depletion of ARNT2 in stimulated neurons might phe-
nocopy the reduction in somatic inhibition observed when
NPAS4 function is disrupted (Bloodgood et al., 2013). We in-
jected AAVs expressing either of two distinct Arnt2 shRNAs
into the hippocampus, stimulated the mice with kainate to
induce NPAS4 and other activity-dependent genes, and
compared elPSC amplitude between ARNT2-depleted and
neighboring control neurons (Figure 6F). We found that elPSC
amplitude is reduced in ARNT2-depleted neurons compared to
neighboring control neurons, suggesting that, in response to
neuronal activity, ARNT2 drives expression of activity-regulated

(B) Gene expression in logo(RPKM+1) for all activity-regulated genes in ACre-mCherry or Cre-GFP-infected hippocampal hemispheres of standard housed
animals. Each gene is connected by a line across its expression values between the two conditions. Purple colored lines indicate genes within 50 kb of an ARNT2

ChlP-seq peak.

(C) elPSC amplitude simultaneously measured from wild-type uninfected (black) and neighboring CA1 pyramidal neurons infected by AAVs expressing Amnt2
shRNA#1 or Arnt2 shRNA#2 (red) in response to stimulation of axons in stratum pyramidale (St. pyr). Slices were obtained from animals raised in standard housing
conditions. Individual pairs of recorded neurons are represented by paired points, with bars showing mean + SEM. Representative traces are shown above all

data. *p < 0.05; paired two-tailed t test.

(D) elPSC amplitude simultaneously measured from wild-type uninfected (black) and neighboring CA1 pyramidal Ncor2” neurons infected by AAVs expressing
Cre-GFP (Ncor2-KO, green) in response to stimulation of axons in stratum pyramidale (St. pyr). Slices were obtained from animals raised in standard housing
conditions. Individual pairs of recorded neurons are represented by paired points, with bars showing mean + SEM (bottom). Representative trace is shown above

all data. *p < 0.05; paired two-tailed t test.
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Figure 5. ARNT2 Is Required for NPAS4-Dependent Gene Activation

(A) —Log10(FDR) versus log, fold change in peptides obtained by IP-MS with an anti-NPAS4 antibody in stimulated primary cortical neurons relative to peptides
immunoprecipitated from control samples. Control samples include a non-specific IgG and immunoprecipitation with an anti-NPAS4 antibody from unstimulated
neurons, where NPAS4 is not expressed. Blue points indicate proteins with FDR < 0.1 and log,FC > 0.
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genes that promote increased somatic inhibition onto CA1 pyra-
midal neurons. In contrast, in the absence of synaptic activity,
ARNT2 represses activity-dependent gene expression and re-
stricts somatic inhibition (Figures 2D and 4C).

DISCUSSION

We have identified an ARNT2:NCoR2 repressor complex and
demonstrated its importance for maintaining low levels of activ-
ity-dependent gene expression in unstimulated neurons. Disrup-
tion of this protein complex causes upregulation of activity-depen-
dent genes and dysregulation of somatic inhibition in silent
pyramidal neurons. In response to neuronal activity, ARNT2
complexes with NPAS4 and activates NPAS4-dependent stim-
ulus-responsive elements (Figure 6G). We also observe NCoR2
recruitment to NPAS4-bound sites upon depolarization and reveal
a surprising role for NCoR2 in promoting stimulus-responsive
gene expression. We propose that NPAS4:ARNT2 rapidly con-
verts repressed regulatory regions to their activated state, but it re-
mains to be further explored by what mechanism ARNT2:NCoR2
contributes to activity-dependent gene expression in membrane-
depolarized neurons. Together, these data identify a molecular
mechanism in neurons that restricts inducible gene expression
to periods of time marked by increased neuronal activity, while
maintaining transcriptional quiescence during inactivity.

Maintaining Transcriptional Inactivity during Periods of
Low Stimulation

Our study supports a growing body of evidence highlighting
the importance of enhancer elements for coordinated control
of stimulus-induced transcription. One strategy is to restrict
enhancer activation to the appropriate temporal window by
nucleosomal occlusion of DNA (Ostuni et al., 2013; Vierbuchen
et al.,, 2017), which is then relieved by the stimulus-inducible
transcription factors FOS and JUN via direct recruitment of chro-
matin remodeling complexes (e.g., BAF; Vierbuchen et al., 2017).
Alternatively, previous studies have identified a separate class of
enhancers that display characteristic features of transcriptionally
active sites in unstimulated cells, including open chromatin,
RNAPII binding, or modest levels of H3K27ac, but paradoxically
are not associated with increased transcription (Kim et al., 2010;
Ostuni et al., 2013). In the present study, we have shown that, at
such activity-dependent regulatory elements, the primary con-
trol of inducibility is achieved through the tunable repressor com-
plex ARNT2:NCoR2.

The presence of ARNT2:NCoR2 complexes at presumptive
NPAS4-bound regulatory elements in silent neurons raises the
intriguing possibility that this complex could select these en-
hancers during neuronal maturation, thereby establishing the
landscape of NPAS4-dependent elements poised for use in the
adult brain. Indeed, given that NPAS4 induces cell-type-specific
gene expression programs, it is tempting to speculate a role for
ARNT2 in selecting enhancers critical for generating neuronal
subtype-specific transcriptional responses to sensory experi-
ence (Mardinly et al., 2016; Spiegel et al., 2014). Determining
the functions of ARNT2 in alternative cell types will be an exciting
area for future investigation. As examples, the known ARNT2 in-
teracting partners NPAS3 and NPAS1 (Figure 3A) are highly en-
riched in inhibitory interneurons (Figure 1D), where they may
compete with NPAS4 for ARNT2, providing alternative mecha-
nisms of cell-type-specific enhancer selection and gene repres-
sion (Sabatini et al., 2018).

Transcriptional Control by Multifunctional Complexes

The regulated recruitment of repressor or activator complexes
to DNA by transcription factors, such as ARNT2, may be a
general mechanism by which signal-responsive transcription is
controlled in biologically distinct systems. For example, trans-
forming growth factor 8 (TGF-B) and nuclear hormone receptor
transcription factor superfamilies regulate diverse cellular re-
sponses via interactions with both activator (p300 and CBP)
and repressor (NCoRs and HDACs) complexes (Hill, 2016). Our
study provides a new variation on this theme in the nervous sys-
tem by identifying distinct activating and repressing roles for
ARNT2 in regulating inhibitory synaptic plasticity. Consistent
with previous reports, we have identified a reduction in stim-
ulus-dependent gene induction upon NCoR2 depletion in mem-
brane-depolarized neurons, suggesting a possible activator role
for the canonically repressive NCoR2 (Adikesavan et al., 2014;
Berghagen et al., 2002; Peterson et al., 2007). How NCoR2
switches its role from repressive to activating is not yet clear.
One possible mechanism is that ARNT2:NCoR2 decouples
from its canonical partners TBL1 and HDAC3 and competitively
inhibits the recruitment of the repressive ARNT2:NCoR2:HDAC3
complex to regulatory elements. Alternatively, post-translational
modifications to NCoR2 may alter its binding partners (Guenther
etal., 2000; Peterson et al., 2007; Zhang et al., 2002). Indeed, the
NCoR2 complex components TBL1 and TBLR1 proteins have
both repressive and activating functions, due to their ability to
promote cofactor exchange (Perissi et al., 2004). Although it

(B) Immunoblot analysis of anti-NPAS4 immunoprecipitates performed in cultured neurons or hippocampal tissue confirming the interaction between ARNT2 and
NPAS4 both in vitro and in vivo.

(C) Overlap between NPAS4 binding sites in stimulated cultured cortical neurons (2 KCI) and ARNT2 binding sites in both stimulated cultured neurons (2 KCl, top)
and adult hippocampal tissue derived from mice treated with kainate (KA) (bottom) to induce neuronal activity. Fisher’s exact test odds ratios (OR) and p values for
set intersections are shown on figure.

(D) Mean normalized NPAS4 ChiP-seq signal in control or ARNT2-depleted neurons across NPAS4-bound enhancers.

(E) Normalized H3K27ac ChlIP-seq signal in control shRNA (gray) and Arnt2 shRNA (green) transduced cultured neurons at NPAS4-bound enhancers (left) and
promoters (right). Data are plotted by quantiles of in vitro ARNT2 binding strength (3 > 1). — indicates sites not bound by ARNT2. ***p < 0.001; Wilcoxon signed-
rank test comparing distributions of Arnt2 shRNA and control shRNA conditions by quantile.

(F) UCSC genome browser ChlP-seq tracks displaying H3K27ac signal at a representative NPAS4-bound enhancer in cortical cultures stimulated with 55 mM
KCI. Each ChIP-seq track is labeled for the ChIP-ed factor, time point after membrane depolarization, and treatment.

(G) —Log+o(FDR) versus log, fold change in gene expression NPAS4™U"Lend™ (jeft) or NPAS4“PAS (right) expressing neurons to GFP controls in unstimulated
cortical neurons. NPAS4-regulated genes are indicated in blue. Npas4 and its known target gene Bdnf are labeled in both plots for reference.
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remains to be examined which of these mechanisms is involved
in NCoR2’s switch to activator in membrane-depolarized neu-
rons, our genome-wide results support the emerging view that
the level and duration of membrane depolarization ultimately
determine the function of these recruited regulatory complexes.

Temporal Specificity of Activity-Dependent
Transcription for Circuit Plasticity

Although we primarily present evidence for how ARNT2:NCoR2
inhibits activity-dependent gene expression prior to sensory stim-
ulation, it will be interesting to explore whether ARNT2:NCoR2:
HDACS3 also functions post-depolarization to return active regula-
tory elements to transcriptional quiescence. Indeed, recent work
demonstrates that the chromatin remodeler complex NuRD is
important for dampening IEG expression post-stimulation (Yang
etal., 2016). Future studies will be necessary to determine whether

ular and circuit changes underlying these rapid associations
remain unclear, activity-dependent changes in transcription
have been shown to be critical for the consolidation of addictive
behaviors in drug-reward-related behavioral paradigms (Nestler,
2014; Renthal et al., 2007; Taniguchi et al., 2017). These findings
highlight the importance of continued study of the mechanisms
that regulate the temporal specificity of activity-dependent tran-
scription in normal and pathological behaviors. Of note, muta-
tions in components of the NCoR2 repressor complex are
reported to contribute to intellectual disability and schizophrenia
(Gulsuner et al., 2013; O’Roak et al., 2012; Pons et al., 2015;
Tabet et al., 2014; Takata et al., 2016). Thus, our study identifies
the ARNT2:NCoR2 complex as a possible mechanistic link be-
tween these disorders and activity-dependent gene expression,
underscoring how stimulus-dependent control of inhibition may
contribute to brain development and go awry in disease.

the interplay of NuRD and ARNT2:NCoR2/ARNT2:NPAS4 influ-
ences the off-rate kinetics of activity-dependent transcription. It
is also conceivable that ARNT2:NCoR2:HDAC3 recruitment
following a stimulus may impose a refractory state on activation,
wherein additional stimulation of the cell is insufficient to induce
activity-dependent gene expression for some period of time.
Such molecular mechanisms could impart additional modes of
control to ensure that excitatory-inhibitory balance is maintained
appropriately across wide variations in neuronal activity.

We speculate that the temporal precision of activity-depen-
dent gene transcription is critical for circuit changes that occur
inresponse to changes in behavioral state. For example, associa-
tive learning paradigms require consistent coincidence detection
between a stimulus and context across time. Although the molec-

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
o CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mouse models
O Mouse neuron culture
e METHOD DETAILS
O Stereotaxically guided surgery
O Virus production

Figure 6. Activity Partially Decouples ARNT2:NCoR2 from Its Repressive Role

(A) Heatmaps of normalized ChlIP-seq signal for unstimulated (0 h KCI) and depolarized (2 h KCI) cortical neuron cultures (left eight columns) at presumptive
NPAS4 enhancers. Rightmost two columns show ARNT2 binding in adult hippocampal tissue in standard housing (Strd) or following neuronal stimulation via the
injection of KA. Each binding site is represented as a single horizontal line centered at the peak summit, and intensity of color correlates with sequencing signal for
the indicated factor. Peaks are ordered by decreasing NPAS4 peak intensity.

(B) Mean normalized ChIP-seq signal for indicated factors. Light lines indicate signal at non-NPAS4-bound enhancers, and dark lines indicate signal at NPAS4-
bound enhancers.

(C) Mean normalized NCoR2 ChlP-seq signal intensity at NPAS4-bound enhancers (top) and promoters (bottom) in unstimulated (gray) or stimulated neurons
transduced with either a control (solid purple) or Arnt2 shRNA (dashed purple). The induction of NCoR2 upon depolarization observed in control samples is lost
upon ARNT2 knockdown at enhancers, but not promoters.

(D) (Top) —Log+0(FDR) versus log, fold change between Arnt2 shRNA and control shRNA infected hippocampal hemispheres in mice injected with the gluta-
matergic receptor agonist KA. ARNT2-regulated genes are defined as fold change > 1.5 and FDR < 0.05 when comparing Arnt2 shRNA-injected animals against
controls (demarcated by top left and top right sectors). Activity-regulated genes (plotted in orange) are defined as fold change > 1.5 and FDR < 0.05 when
comparing kainate-injected animals against saline-injected controls. (Bottom) Box and whisker plots display the distribution of log, fold changes (Arnt2 shRNA
over control shRNA values) of all genes (gray) and activity-dependent genes (orange). p = 1.3e—45 in the Wilcoxon rank-sum test.

(E) (Top) —Log40(FDR) versus log, fold change between Cre-GFP and ACre-mCherry-infected hippocampal hemispheres in Ncor2™ mice injected with the
glutamatergic receptor agonist kainate. NCoR2-regulated genes are defined as fold change > 1.5 and FDR < 0.05 when comparing Cre-GFP-injected animals
against ACre-mCherry controls (demarcated by top left and top right sectors). Activity-regulated genes (plotted in purple) are defined as fold change > 1.5 and
FDR < 0.05 when comparing kainate-injected Ncor2™" animals against saline-injected controls. (Bottom) Box and whisker plots display the distribution of log,
fold changes (Cre-GFP/ACre-mCherry) of all genes (gray) and activity-dependent genes (orange). p = 7.8e—81 in the Wilcoxon rank-sum test.

(F) elPSC amplitude simultaneously measured from control uninfected (wild-type, black) and neighboring CA1 pyramidal neurons infected by AAVs expressing
Arnt2 shRNA#1 or Arnt2 shRNA#2 (red) in response to stimulation of axons in stratum pyramidale (St. pyr). Slices were obtained from animals injected with kainate
24 h before sacrifice. Individual pairs of recorded neurons are represented by paired points, with bars showing mean + SEM. Representative traces are shown
above all data. *p < 0.05; paired two-tailed t test.

(G) In unstimulated neurons, the ARNT2 recruits the NCoR2 complex to presumptive NPAS4-bound regulatory elements, suppressing activity-dependent gene
transcription and preventing aberrant recruitment of somatic inhibition (top). Upon neuronal activation (yellow action potential), NPAS4:ARNT2 overcomes
repression to activate enhancers and induce gene expression. NCoR2 is also inducibly recruited to these sites and may contribute to gene activation (not shown
in model). By contrast, HDAC3 and TBL1 binding at these sites remains unchanged with stimulation and may act as a repressive brake that is transiently
overcome by the recruitment of activating factors like NPAS4. This enables the precise tuning of gene expression and subsequent temporally specific recruitment
of somatic inhibition (bottom).
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Supplemental Information includes six figures and two tables and can be
found with this article online at https://doi.org/10.1016/j.neuron.2019.02.007.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-H3K27ac Abcam Cat# ab4729; RRID: AB_2118291
anti-ARNT2 This paper N/A

anti-NPAS4 Lin et al., 2008 N/A

anti-NPAS3 Gift of Steven McKnight Lab N/A

anti-NCoR2 Thermo Fisher Cat# PA1-843; RRID: AB_2149135
anti-NCoR2 Millipore Cat# 06-891; RRID: AB_310286
anti-TBL1 Abcam Cat# ab24548; RRID: AB_2199904
anti-TBL1 Santa Cruz Cat# sc-137006; RRID: AB_2199796
anti-HDAC3 Santa Cruz Cat# sc-11417X; RRID: AB_2118706
anti-B-TUBULIN3 Covance Cat# MMS-435P; RRID: AB_2313773
anti-GAPDH Sigma Cat# G9545; RRID: AB_796208
anti-MYC Millipore Cat# 05-724; RRID: AB_309938

anti-MYGC, clone 9E10

anti-FOS
anti-GFP
anti-Histone H3
Rabbit IgG
anti-M2-FLAG

Developmental Studies Hybridoma Bank
http://dshb.biology.uiowa.edu/

Santa Cruz
Invitrogen
Abcam

Santa Cruz
Sigma Aldrich

Cat# 9E10; RRID: AB_2266850

Cat# sc-7202X; RRID: AB_2106765
Cat# G10362; RRID: AB_2536526
Cat# ab1791; RRID: AB_302613
Cat# sc-66931; RRID: AB_1125055
Cat# A2220; RRID: AB_10063035

Bacterial and Virus Strains

AAV2/1-CAG-Cre-GFP Boston Children’s Hospital Viral Core N/A

AAV2/1-CAG-4Cre-mCherry Boston Children’s Hospital Viral Core N/A
AAV2/1-UB-shRNA-CAG-mCherry Boston Children’s Hospital Viral Core N/A

AAV2/1-U6-non-targeting shRNA-CAG-GFP Boston Children’s Hospital Viral Core N/A

FUW Lentivirus (pPMDL/RSV/VSVG packaging) This paper N/A

Chemicals, Peptides, and Recombinant Proteins

TTX Abcam Cat# ab120055; CAS: 18660-81-6
Kainic acid monohydrate Sigma Aldrich Cat# K0250; CAS: 58002-62-3

DL-AP5 Thermo Fisher Cat# 01-061-0; CAS: 76326-31-3
CPP Tocris Cat# 0173; CAS: 126453-07-4
NBQX Tocris Cat# 0190; CAS:118876-58-7
Gabazine Tocris Cat# SR 95531; CAS: 104104-50-9
EGS (ethylene glycol bis(succinimidyl succinate) Fisher Cat# 21565; CAS: 70539-42-3
Critical Commercial Assays

Dual-Luciferase Reporter Assay System Promega E1910

Nextera DNA Library Prep Kit lllumina FC-121-1030

Ovation Ultralow System V2 Nugen 0344-32

NEBNext rRNA Depletion Kit New England Biolabs E6310X

NEBNext Ultra Directional RNA Library Prep Kit New England Biolabs E7420L

Deposited Data

Raw and analyzed data
Raw and analyzed visual cortex scRNA-seq data

This paper
Hrvatin et al., 2018

GEO: GSE121660
GEO: GSE102827

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
Npas4™" Lin et al., 2008 Greenberg Lab
NCoR2™" Shimizu et al., 2015 Hollenberg Lab
C57BL6/J The Jackson Laboratory JAX 000664
B6.Cg-Tg(Camk2a-cre)T29-1Stl/J The Jackson Laboratory JAX 005359
B6;129-Gt(ROSA)26Sor < tm5(CAG-Sun1/sfGFP)Nat > /J  The Jackson Laboratory JAX 021039
https://www.jax.org/strain/021039
Oligonucleotides
Primers for Luciferase Assays (Table S1) N/A
non-targeting GCGCGATAGCGCTAATAATTT N/A
Arnt2 shRNA#1 TGTCGGACAAGGCAGTAAAT N/A
Arnt2 shRNA#2 CGCTATTATCATGCCATAGAT N/A
Ncor2 shRNA#1 CCTGTCTAAAGCCTTAACTAA N/A
Ncor2 shRNA#2 CCAGTGTAAGAACTTCTACTT N/A
Ncor2 shRNA#3 GAAAGGCACTCATGGGTAAAT N/A
Npas4 shRNA#1 GGTTGACCCTGATAATTTA N/A
Npas4 shRNA#2 ACACAGAGAAAGAGCAAAA N/A
Recombinant DNA
FUW-U6-Npas4-shRNA#1 This Paper N/A
FUW-U6-Npas4-shRNA#2 This Paper N/A
FUW-UB-Arnt2-shRNA#1 This Paper N/A
FUW-UB-Arnt2-shRNA#2 This Paper N/A
FUW-UB-Ncor2-shRNA#1 This Paper N/A
FUW-U6-Ncor2-shRNA#2 This Paper N/A
FUG-UB-Ncor2-shRNA#3 This Paper N/A
pGL4.11 Genomic Binding Sites; See Table S1 This Paper Addgene #59744
FUW-Npas4-full-length This Paper N/A
FUW-Npas4APas This Paper N/A
FUGW Lois et al., 2002 Addgene #14883
pEF1a-Arnt-Myc This Paper N/A
pEF1a-Arnt2-Myc This Paper N/A
pEF1a-Ephexin5-Myc This Paper N/A
pGEX-Arnt2-312:712 This paper N/A
AAV-CAG-Cre-GFP Gift from Matt During (Ohio State N/A

University)
AAV-CAG-4Cre-mCherry This paper; modified from Matt During N/A
AAV-UB-shRNA-CAG-mCherry(see sequences above) This paper; modified from Matt During N/A
AAV-U6-non-targeting shRNA-CAG-GFP This paper; modified from Matt During N/A

Software and Algorithms

Subread v1.5.1
Trimmomatic (v0.36)

bedGraphToBigWig (UCSC-tools v363)

featureCounts (Subread package, v1.5.1)
MACS?2 (v 2.1.0)
IDR
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Liao et al., 2013
Bolger et al., 2014

UCSC-tools

Liao et al., 2013
Zhang et al., 2008
Lietal., 2011

http://subread.sourceforge.net/
http://www.usadellab.org/cms/
?page=trimmomatic
http://hgdownload.soe.ucsc.edu/
admin/exe/linux.x86_64/
http://subread.sourceforge.net/
https://github.com/tacliu/MACS

https://drive.google.com/file/d/0B_
ssVVyXv8ZSX3IuTOxhV3ZQNWc/
view?usp=sharing

(Continued on next page)


https://www.jax.org/strain/021039
http://subread.sourceforge.net/
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/
http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/
http://subread.sourceforge.net/
https://github.com/taoliu/MACS
https://drive.google.com/file/d/0B_ssVVyXv8ZSX3luT0xhV3ZQNWc/view?usp=sharing
https://drive.google.com/file/d/0B_ssVVyXv8ZSX3luT0xhV3ZQNWc/view?usp=sharing
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EdgeR(v3.16.5) Robinson et al., 2010 https://bioconductor.org/packages/
release/bioc/html/edgeR.html

Limma(v3.30.13) Ritchie et al., 2015 https://bioconductor.org/packages/
release/bioc/html/limma.html

Bh-tsne (commit 36b169c) van der Maaten, 2014 https://github.com/Ivdmaaten/bhtsne

GEM software (v3.4) Guo et al., 2018 http://groups.csail.mit.edu/cgs/
gem/kmac/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by Michael Greenberg,
meg@hmes.harvard.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

Animals were handled according to protocols approved by the Harvard University Standing Committee on Animal Care and were in
accordance with federal guidelines. The following mouse lines were used: Npas4™” (Lin et al., 2008), Ncor2™ (Shimizu et al., 2015),
B6;129-Gt(ROSA)26Sor < tm5(CAG-Sun1/sfGFP)Nat > /J (Mo et al., 2015), B6.Cg-Tg(Camk2a-cre)T29-1Stl/J (Tsien et al., 1996),
wild-type C57/BI6 (JAX 000664). Both male and female mice were used in equal proportions for all experiments conducted. For
experiments in which seizures were induced, kainic acid (5-10 mg/kg (electrophysiology)) or 15-20 mg/kg (genomic analysis and im-
munoprecipitations)) (Sigma Aldrich, KO250) was injected intraperitoneally. Mice were sacrificed 2 or 6 h after injection, as indicated,
for genomic-level analyses based on prior work indicating that immediate early gene transcription factors and late-response genes
are robustly induced at 2 and 6 h post-stimulus onset, respectively. Mice were sacrificed 16-24 h after injection for electrophysiolog-
ical analysis to allow sufficient time for the expression of the activity-dependent gene program and the execution of potential synaptic
regulation but far in advance of any measurable seizure related cellular toxicity.

Mouse neuron culture

Embryonic cortices from C57BL/6 or transgenic (Npas4™") mice were dissected at ages E16.5-E17 and then dissociated with papain
(Sigma Aldrich; 10108014001). Cultures were generated by combining multiple embryos (~5-6) of both males and females (mixed sex
cultures). Papain digestion was terminated with the addition of ovomucoid (trypsin inhibitor; Worthington). Cells were gently triturated
through a P1000 pipette and passed through a 40 micron filter. Neurons were plated onto cell cultures dishes pre-coated overnight
with poly-D-lysine (20 pg/mL) and laminin (4 pg/mL). Neurons were grown in Neurobasal medium (GIBCO) containing B27 supple-
ment (2%), penicillin-streptomycin (50 U/mL penicillin and 50 U/mL streptomycin) and glutaMAX (1 mM). Neurons were grown in
incubators maintained at 37°C and a CO, concentration of 5%. Neurons were harvested in all experiments at 7DIV, and fresh media
was added at 3-4DIV (25% total volume), unless otherwise indicated. In all experiments, independent replicates were generated by
preparing primary cultures from pools of embyros dissected on different days and maintained in culture for 7DIV. For immunopre-
cipitation and mass spectrometry (IP-MS) experiments or ChIP, cortical neurons were plated at a density of 25-30 x 10°/ dish on
15 cm dishes. To prevent spurious activity, for IP-MS experiments and NCoR2 complex ChIPs, 7DIV neurons were silenced on
6DIV overnight by the addition of 1 uM TTX (Abcam ab120055) and 100 uM AP5 (Thermo Fisher 01-061-0).

METHOD DETAILS

Stereotaxically guided surgery

P13-15 mice of equal proportion male and female were anaesthetized by isoflurane inhalation (3%-5% for induction, 1%-3% main-
tenance) and positioned within a stereotaxic frame (Kopf) where animal temperature was maintained at ~37°C by a heat pad. All sur-
geries were performed according to protocols approved by the Harvard University Standing Committee on Animal care and were in
accordance with federal guidelines. Fur around the scalp area was removed using a shaver and sterilized with three alternating
washes with betadine and 100% ethanol. A burr hole was drilled through the skull above the CA1 region of hippocampus (medial/
lateral + 2.9 mm; anterior/posterior —2.5 mm; dorsal/ventral: 2.8 mm) to allow for specific targeting of this region with a glass pipette
pulled to a tip diameter of roughly 50 microns. 250-300 nL of AAV virus was injected at 150 nL/min and the pipette was left in place
upon completion of viral infusion to allow for viral spreading. All animals were given postoperative analgesic (flunixin, 2.5 mg per kg)
as well as additional injections at 12 h intervals for the 72 h following surgery. For in vivo genomic datasets, mice were sacrificed and
analyzed 10 days post surgery.

Neuron 702, 390-406.e1-e9, April 17,2019 e3

CellPress



mailto:meg@hms.harvard.edu
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://github.com/lvdmaaten/bhtsne
http://groups.csail.mit.edu/cgs/gem/kmac/
http://groups.csail.mit.edu/cgs/gem/kmac/

Cell’ress

Virus production

For shRNA treatments in vitro, 21 bp targeted sequences from TRC (Sigma Aldrich) were cloned into the FUW vector downstream of
the U6 promoter. The following sequences were used: Control shRNA (GCGCGATAGCGCTAATAATTT), Arnt2 shRNA#1 (TGTCGG
ACAAGGCAGTAAAT), Arnt2 shRNA#2 (CGCTATTATCATGCCATAGAT), Npas4 shRNA#1 (GGTTGACCCTGATAATTTA), Npas4
shRNA #2 (ACACAGAGAAAGAGCAAAA), Ncor2 shRNA#1 (CCTGTCTAAAGCCTTAACTAA), Ncor2 shRNA#2 (CCAGTGTAAGAA
CTTCTACTT), Ncor2 shRNA#3 (GAAAGGCACTCATGGGTAAAT). To examine the importance of NPAS4’s ability to dimerize with
ARNT2 for stimulating gene expression GFP, NPAS4 (NPAS4FUIHendth - or 3 mutant NPAS4 lacking the PAS domain (NPAS42PAS)
were subcloned into the FUW backbone.

To produce lentivirus, 10 pg of lentiviral plasmid (either shRNA-expressing or NPAS4 overexpression) was transfected into
HEK293T cells along with third generation packaging plasmids pMDL (5 pg), RSV (2.5 pg), and VSVG (2.5 pg). At 12-16 h following
transfection, 293T cells were switched to Neurobasal media containing B27 supplement, and supernatant containing virus was
collected at 36 h post transfection. To infect neurons, on 2DIV, one third of neurobasal media was replaced with viral supernatant.
Cells were collected at 7DIV for either ChIP or RNA-seq. To test the specificity of NCoR2 ChlPs, cells were infected with a combi-
nation of Ncor2 shRNAs #1, #2, #3.

To deplete ARNT2 in CA1 neurons for electrophysiology, in vivo RNA-seq, and ATAC-seq, control shRNA (GCGCGATAGCGCTAA
TAATTT), Arnt2 shRNA#1 (TGTCGGACAAGGCAGTAAAT), Arnt2 shRNA#2 (CGCTATTATCATGCCATAGAT), were cloned down-
stream of the U6 promoter and mCherry or GFP florescence was driven off the CAG promoter. Construct names are denoted in
the Key Resources Table. All AAV backbones were generated by using standard cloning and molecular biology techniques. AAVs
(serotype 2/1) were prepared by the Boston Children’s Hospital Viral Core.

Acute slice preparation and electrophysiology

For electrophysiology, we first injected the CA1 of postnatal 13-15 day old mice with an AAV that drives the expression of Arnt2
shRNA under the U6 promoter and mCherry under the CAG promoter. Transverse hippocampal slices were prepared from P21-
P28 mice of the indicated genotypes. Animals were anesthetized with ketamine/xylazine and transcardially perfused with ice-cold
choline-based artificial cerebrospinal fluid (choline-ACSF) equilibrated with 95% 0./5% CO, consisting of (in mM): 110 choline-
Cl, 25 NaHCOg3, 1.25 NaoHPO,, 2.5 KClI, 7 MgCl,, 25 glucose, 0.5 CaCl,, 11.6 ascorbic acid, 3.1 pyruvic acid. Cerebral hemispheres
were quickly removed and placed into ice-cold choline-ACSF. Tissue was rapidly blocked and transferred to a vibratome (Leica
VT1000), where 300 micron slices were cut. Slices were subsequently transferred to a holding chamber containing ACSF consisting
of (in mM): 127 NaCl, 25 NaHCOs3, 1.25 Na,HPO,, 2.5 KClI, 2 CaCl,, 1 MgCl,, 25 glucose, and saturated with 95% 0./5% CO.. Slices
were incubated at 32°C for 20 min after cutting and then maintained at room temperature. All recordings were performed within 4-5 h
of slice preparation and showed AAV infection measured by fluorescence in ~10%-30% of CA1 neurons. Slices showing >30% of
CA1 neurons infected were discarded from further analysis.

Simultaneous paired whole-cell voltage-clamp recordings were obtained from morphologically identified CA1 pyramidal neurons
visualized with infrared, differential interference contrast microscopy as well as fluorescence microscopy, where appropriate. In all
recordings, neurons were held at —70 mV and recordings were made with borosilicate glass patch pipettes with open pipette resis-
tance ranging from 3-5 mQ. Patch pipettes were filled with internal solution containing (in mM):147 CsCl, 5 Nay-phosphocreatine,
10 HEPES, 2 MgATP, 0.3 Na,GTP, 2 EGTA and 5 QX-314 for voltage clamp recordings (elPSC), 135 Cs-Methanesulfonate, 15
HEPES, 0.5 EGTA, 5 mM TEA-cl, 1 mM MgCl,, 0.16 CaCl,, 2 mM Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, 2 QX-314 for eEPSC,
and 126 K-Gluconate, 4 KCI, 10 HEPES, 4 MgATP, 10 phosphocreatine for current clamp recordings. Evoked inhibitory postsynaptic
currents were pharmacologically isolated by adding 10 uM CPP (Tocris) and 10 uM NBQX (Tocris) to the ACSF perfusion. Similarly,
10 uM gabazine (Tocris) was used to pharmacologically isolate eEPSCs. Extracellular stimulation was delivered via theta glass stim-
ulation electrode placed in the center of stratum pyramidale within 100-200 microns of the cell pair being recorded. The stimulus
strength was the minimum required to generate an elPSC in both ARNT2-depleted and NCoR2-depleted and wild-type neurons.
Recording from neighboring neurons increased the probability that these neurons receive synaptic input from the same population
of inhibitory axons while simultaneous recordings insured that the neighboring Knockdown/KO and wild-type neurons were exposed
to an identical extracellular stimulus. Action potentials were measured by injecting 200 ms steps of current in 50 pA increments from
0 pA to 400 pA. All cells included in the analysis were held between —65 mV and —70 mV with < 30 pA of constant current injection.

Neuronal transfection and luciferase reporter assays

DNA sequences to test in luciferase reporter assays were chosen based on the strength of NPAS4 and ARNT2 binding, as assessed
by normalized ChlP-seq read counts from ChlIPs in primary cortical cultures. Sites included both strongly bound (i.e., selected from
top 100 high-confidence NPAS4 binding sites determined by IDR peak calling and with a normalized read count > 30) and weakly
bound sites (i.e., no consensus IDR peak and normalized count < 25). Regions were PCR amplified from mouse genomic DNA
and subcloned into the pGL4.11 vector using standard Gibson assembly. See Table S1 for genomic locations and primers.

To conduct the luciferase assays, 400,000 mouse cortical neurons were plated onto 24-well culture dishes and transfected with
plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. At 5DIV, neurons were transfected with
1 ng of total DNA consisting of 450 ng of firefly luciferase reporter DNA in pGL4.11, 50 ng pGL4.74 renilla luciferase reporter DNA
(Promega), and 500 ng of shRNA construct. 2 L of Lipofectamine (Invitrogen) was used for each 1 ug of DNA. DNA-lipofectamine
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complexes were added drop wise to neurons and incubated for 2 h, after which the transfection media was replaced with conditioned
neuronal media. Neurons were silenced on 6DIV overnight by the addition of 1 uM TTX (Abcam ab120055) and 100 uM AP5 (Thermo
Fisher 01-061-0). At 7DIV, neurons were depolarized by the addition of 55 mM KCI and lysates were collected 6 h post KCl addition.
Briefly, neurons were washed 2X with PBS and lysed by the addition of 500 uL of Passive Lysis Buffer (Dual-Luciferase Reporter
Assay System, Promega, E1910). 20 uL of each lysate was added to one well of a costar white polystyrene 96-well assay plate (Corn-
ing). Luciferase Assay reagent Il (LARIl) and Stop & Glo reagent (Dual-luciferase assay system, Promega) were added to neuronal
lysates and luciferase over renilla value measurements made with a Synergy 4 Hybrid Microplate Reader (BioTek). To control for var-
iations in transfection efficiency and cell lysate generation, all values are displayed as luciferase over renilla value ratios. With each
experiment, 2-4 independent wells were transfected, and luciferase over renilla value ratios from independent wells transfected
within an experiment were averaged for each condition. Biological replicates conducted on separate days were performed a mini-
mum of three times for each enhancer construct and shRNA condition.

ChlIP-seq library preparation

For ChIP of transcription factors and histone modifications, primary neurons were cross-linked via addition of 1% formaldehyde for
10 min at room temperature and quenched by the addition of 0.125 M glycine for 5 min at room temperature. To ChIP the NCoR2
complex, we found it necessary to perform dual crosslinking by incubating neurons for 30 min with 1.5 mM EGS (ethylene glycol
bis(succinimidyl succinate) (Fisher, 21565)), followed by 10 min incubation in 1% formaldehyde and standard quenching for 5 min
at room temperature with 0.125 M glycine. Nuclei were isolated from cell pellets by 10 min incubation in lysis buffer 1 (in mM:
100 HEPES-NaOH pH 7.5, 280 NaCl, 2 EDTA, 2 EGTA, 0.5% Triton X-100, 1% NP-40, 20% Glycerol) followed by washing in buffer
containing 10 mM Tris-HCI pH 8.0, 200 mM NaCl. Chromatin was sheared using a Bioruptor (Diagenode) on high power mode for
50 cycles with 30 s pulses in sonication buffer (in mM: 10 Tris-HCI pH 8.0, 100 NaCl, 1 EDTA, 0.5 EGTA, 0.1% Na-Deoxycholate,
0.5% N-Lauroylsarcosine). For H3K27ac ChIP, 10 mM sodium butyrate (Fisher NC9851678) was added to all buffers.

Following sonication, chromatin was supplemented with 1% Triton and was incubated overnight with the following antibodies
coupled to Protein A Dynabeads (Thermo Fisher, 10002D): H3K27ac (Abcam 4729, 0.2 ng for 2.5 million cells), 5-8 ng ARNT2
(in house protein A purified anti-serum; see below), 8 ug NPAS4 (custom made protein A purified anti-serum), NCoR2 (Millipore,
06891; 5 ng for 60-70 pg chromatin; Thermo PA1-843; 5 ng for 60-70 pg chromatin (40-50 million cells)); TBL1 (Abcam 24548;
5 pg for 60-70 pg chromatin (40-50 million cells)); HDACS3 (Santa Cruz sc11417X; 5 nug for 60-70 pg chromatin (40-50 million cells).
ChIPs were performed at least twice with a given antibody from independent neuronal cultures. Libraries were generated using
the Ovation Ultralow V2 kit (Nugen, 0344-32) according to the manufacturer’s instructions and PCR amplified for 13-16 cycles,
depending on antibody. Library quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). Seventy-five bp
reads were generated on the lllumina Nextseq 500 and subsequently analyzed with our standardized ChlP-seq data analysis pipeline
(below).

RNA-seq Library Preparation

Tissue from AAV-injected hippocampi was microdissected to include portions with maximal florescence while maintaining consis-
tency in region between control and experimental groups. For in vivo Arnt2 knockdown RNA-sequencing experiments, mice were
injected with AAV2/1 expressing a non-targeting control shRNA (U6-control shRNA-CAG-GFP) into one hippocampal hemisphere
and an AAV2/1 expressing Arnt2 shRNA #1 (U6-Arnt2 shRNA #1-CAG-mCherry) into the contralateral side. Hemispheres pooled
from 4 mice constituted an independent replicate, and 3 replicates were performed. For in vivo Ncor2 KO RNA-sequencing exper-
iments, 3-5 independent mice were injected with AAV2/1 expressing truncated Cre (ACre-mCherry) into one hippocampal hemi-
sphere and AAV2/1 expressing Cre-GFP into the contralateral side. Each hemisphere from a separate mouse constituted an inde-
pendent replicate. Tissue was collected in Trizol reagent and RNA was extracted using the RNAeasy Kit (QIAGEN) according to
the manufacturer’s instructions. In the case of in vitro RNA-seq on NPAS4-overexpressing cells, separate neuronal cultures trans-
duced on independent days constituted biological replicates. For RNA collection from cultured samples, cells were washed twice
with PBS to remove dead cells and scraped immediately into Trizol. Total RNA (1 pg) was used to generate libraries following
rRNA depletion (NEBNext, E6310X) according to the manufacturer’s instructions (NEBNext, E7420). Seventy-five bp reads were
generated on the lllumina Nextseq 500 and subsequently analyzed with our standardized RNA-seq data analysis pipeline (below).

ATAC-seq Library Preparation

To assess regions of open chromatin, primary cultured neurons were washed twice with cold PBS and incubated in 10 mM Tris-HCI
(pH 7.4), 10 mM NaCl, 3 mM MgCl,, 0.1% Igepal-630 to release nuclei. Experiments were performed in duplicate from independent
cultures of neurons on independent days. 50,000 nuclei per condition were resuspended in 20 pL of ice-cold water and transposed
using the Nextera DNA Library Prep Kit (lllumina, FC-121-1030) as previously described (Buenrostro et al., 2013). Transposition was
carried out for 30 min at 37°C. Transposed DNA fragments from individual samples were purified, independently barcoded, and
amplified for 11 cycles. ATAC-seq libraries were selected for fragments ranging 200-1000 bp by gel electrophoresis and sequenced
on the lllumina Nextseq 500 with seventy-five bp single-end reads. Samples were aligned with our standard mapping pipeline
(see below).
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For in vivo Arnt2 knockdown ATAC-seq experiments, control mice were injected with AAV2/1 expressing a non-targeting control
shRNA and separate mice were injected with AAV2/1 expressing Arnt2 shRNA #1. Cells from both hippocampi were pooled per
mouse and independent replicates consisted of independent mice. For ATAC-seq libraries generated from CA1 pyramidal neurons
in vivo, Camklla-expressing CA1 pyramidal neurons were isolated using the INTACT method (Mo et al., 2015). Briefly, the hippocampi
were isolated from Camklla®™®”; Sun1-Gfo™ mice injected with AAVs expressing control shRNA or Arnt2 shRNA#1. Hippocampi
were dounced 15X in buffer HB (0.25M sucrose, 25 mM KCI, 5 mM MgCl,, 20 mM Tricine-KOH, pH 7.8, 1 mM DTT, 0.15 mM sper-
mine, 0.5 mM spermidine) to release nuclei. Nuclei were purified by spinning through an iodixanol gradient at 10,000 rcf. Nuclei ex-
pressing SUN1-GFP on the nuclear membrane in a Cre-dependent manner were isolated by incubating the nuclear suspension with
5 ng of anti-GFP antibody (Invitrogen G10362) for 30 min at 4°C. Antibody-coated nuclei were subsequently captured by incubation
with magnetic Protein G Dynabeads (Thermo Fisher). Following isolation and counting, approximately 20,000 nuclei per condition
were lysed and transposed as described above.

Immunoprecipitation

To prepare antibody bead complexes, Protein A Dynabeads (Life Technologies) were incubated with antibodies [NPAS4 (20 nug/45-
50 million cells), ARNT2 (20 ng/35-50 million cells), rabbit IgG (Santa Cruz H270 (sc-66931); 20 ng/45-50 million cells)] for 30 min at
room temperature followed by washing in NE1 buffer (20 mM HEPES pH 7.9, 10 mM KClI, 1 mM MgCl,, 0.1% Triton X-100, 1 mM DTT,
250 mM NacCl) to remove unbound antibody. Crude nuclear extracts from primary cortical neurons were prepared by lysing cells in
NE1 buffer (20 mM HEPES pH 7.9, 10 mM KCI, 1 mM MgCl,, 0.1% Triton X-100, 1 mM DTT) for 10 min. Nuclei were pelleted by gentle
centrifugation (2000 rpm) and resuspended in 1 packed nuclear volume of NE1 buffer. To facilitate release of chromatin-associated
proteins, cells were incubated for 30 min at 4°C with Benzonase endonuclease (Sigma E1014, > 25KU (1 puL/60 million nuclei)) fol-
lowed by addition of NaCl to a final concentration of 300 mM. Following high speed centrifugation to remove insoluble material, ly-
sates were diluted 1:2 and incubated for 2 h with prepared antibody/Dynabead complexes at 4°C. Beads were washed 4 times with
NE1 buffer containing 250 mM NaCl. To reduce the elution of antibody: target complexes that can obscure the detection of interact-
ing proteins by mass spectrometry and/or western blot, immunoprecipitates were eluted by the addition of 0.1X LDS (Thermo,
NPO0007) diluted in PBS at room temperature for 10 min. In these elutions, bait protein (e.g., ARNT2 or NPAS4) and antibody com-
plexes are largely retained on the beads while interacting factors are released into the supernatant. Following the 0.1X LDS elution,
the proteins that remain bound to the beads were subsequently eluted by incubation of beads in LDS buffer containing 10% beta
mercaptoethanol for 10 min at 95°C. Eluates from 0.1X LDS and boiled bead elutions were run on 10% Bis-Tris gels. Each sample
was subdivided into 5-6 sections excised from the gel. For each sample, the peptides identified in each gel section were merged
during subsequent analysis.

To perform IPs in tissue, 5-10 hippocampi were isolated from mice injected with 15-20 mg/kg kainic acid (Sigma-Aldrich, K0250) to
induce strong NPAS4 expression. Hippocampi were dounced in NE1 buffer. IPs were performed as previously described for cell
pellets post douncing. For isolation of NPAS4 interactors from Npas4-Flag-HA (Npas4-FH) knockin mice (manuscript in progress),
nuclear lysates from knockin mice were incubated overnight at 4°C with 60 uL of anti-M2-FLAG resin (Sigma-Aldrich, A2220).
NPAS4 interacting proteins were competitively eluted off of M2 resin by incubation in 500 ng/ml 3X FLAG peptide (Sigma Aldrich,
F4799) in NE1 buffer for 30 min at room temperature.

Immunoblotting

Whole-cell or nuclear extracts from primary neurons or brain tissue were resolved on 3%-8% Tris-Acetate gels (Thermo Fisher,
EA0375BOX) or 10% Tris-Glycine gels and transferred to nitrocelluose. Membranes were incubated overnight in the following
primary antibodies: NPAS3 (Gift of Steven McKnight), NCoR2 (Thermo Fisher PA1-843 (Ab1); Millipore, 06891 (Ab2)), TBL1 (Abcam
24548 (Ab1); Santa Cruz (H-3): sc-137006 (Ab2)), HDACS3 (Santa Cruz sc11417X), B-TUBULINS3 (Covance), GAPDH (Sigma G9545),
MYC (EMD Millipore 05-724, Developmental Studies Hybridoma Bank 9E10), FOS (Santa Cruz, sc-7202X), Histone H3 (Abcam,
ab1791). Following washing, membranes were incubated with secondary antibodies conjugated to IRdye 700 or 800 and imaged
with LICOR Odyssey.

Mass spectrometry

All samples were processed according to standard procedures of the Taplin Mass Spectrometry Facility (Harvard University). Briefly,
gel bands of 1 mm® were washed and dehydrated with acetonitrile for 10 min before complete dehydration using a speed-vac.
Rehydrated gel pieces were incubated with 50 mM ammonium bicarbonate solution containing 12.5 ng/uL modified sequencing-
grade trypsin (Promega, Madison, WI) at 4°C for 45 min. Following removal of excess trypsin solution, samples were placed at
37°C in 50 mM ammonium bicarbonate solution. Digested peptides were recovered by removal of ammonium bicarbonate solution,
followed by washing in 50% acetonitrile and 1% formic acid before dehydration.

For liquid chromatography, samples reconstituted in 5 - 10 uL of HPLC solvent A (2.5% acetonitrile, 0.1% formic acid) were
resolved using a nano-scale reverse-phase HPLC capillary column created by packing 2.6 pm C18 spherical silica beads into a fused
silica capillary (100 um inner diameter x ~30 cm length) with a flame-drawn tip. Samples were loaded via a Famos auto sampler (LC
Packings, San Francisco CA), and peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic
acid). Eluted peptides were subjected to electrospray ionization followed by entry into an LTQ Orbitrap Velos Pro ion-trap mass
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spectrometer (Thermo Fisher Scientific, Waltham, MA). Peptides were detected, isolated, and fragmented to produce atandem mass
spectrum of specific fragment ions for each peptide.

Recombinant protein purification for ARNT2 antibody production

Afragment of ARNT2 encoding amino acids 312 to 617 (ARNT232617) was cloned into the pGEX bacterial expression system (GE Life
Sciences) to create an N-terminal GST fusion protein. p GEX-ARNT23'2617 was introduced by standard transformation techniques
into the Rossetta 2(DE3)pLysS bacterial strain. Bacteria were grown to an O.Dggo:~0.4-0.5 before recombinant protein induction
by introduction of 0.5 mM IPTG. Bacteria were grown for 3 h at 37°C prior to pelleting and snap-freezing in liquid nitrogen. Bacteria
were lysed by sonication in lysis buffer (in mM: 50 Tris pH 8.0, 300 NaCl, 0.05% Triton X-100, 0.5% NP-40) and immobilized on Gluta-
thione-Sepharose beads (GE Life Sciences). Non-specific proteins were washed on column with 3x 10-15 mL of wash buffer (in mM:
50 Tris pH 8.0, 150 NaCl). Purified recombinant protein was eluted from glutathione Sepharose beads with elution buffer (in mM:
50 Tris pH 8.0, 150 NaCl, 20 Reduced Glutathione). Purified recombinant protein was dialyzed against 1x PBS and stored at 4°C until
usage. 5-10 mg of recombinant ARNT2%'2%17 was injected into immunocompromised rabbits and serum was collected serially. Final
purification was achieved using a Protein A purification column.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

The statistical analysis for each experiment is detailed in the figure legends. For sequencing data, the comparison of distributions
between distinct peak sets was calculated by the Wilcoxon rank-sum test. For luciferase assays, statistical significance was calcu-
lated by paired, one-sided t test with Benjamini-Hochberg multiple hypothesis correction. Statistical analyses for electrophysiolog-
ical recordings were computed with paired two-tailed t tests. No statistical methods were used to predetermine sample sizes, but
replicate size and number follow guidelines of the ENCODE consortium (ENCODE Project Consortium, 2012). No other sample
randomization was performed. Experiments were not performed in a blinded fashion.

Electrophysiology data acquisition and analysis

Electrophysiology data were acquired using pClamp software and a Multiclamp 700B and digitized with a DigiData 1440 data acqui-
sition board (Axon Instruments). Data were sampled at 10 kHz and filtered at 4 kHz. Offline data analysis was performed using custom
written scripts in Igor Pro or Axograph. Experiments were discarded if the holding current was greater than —500 pA or if the series
resistance was greater than 25 mQ. Recordings were discarded if the series resistance between pairs of neurons differed by >25%.
All recordings were performed at room temperature (~20-22°C).

Luciferase data quantification

To calculate the relationship between transcription factor binding and the effect on luciferase reporter activity, the luciferase over
renilla value reading for each shRNA-treated well was divided by the luciferase over renilla value reading for the non-targeting shRNA
transfected within the same experiment. Binding strength was determined by normalized read counts overlapping with luciferase
regions of interest using the HOMER software package (see below). Negative ratios indicate reduced luciferase activity in shRNA-
treated samples relative to control shRNA-treated neurons. Linear regression between binding strength and the effect of shRNA
treatment on luciferase activity was performed in R. The significance of the regression is reported with Pearson and Spearman
correlation co-efficients. For individual sites, the luciferase over renilla value ratios among a minimum of 3 biological replicates
are plotted with the standard error of the mean (Figures S1F, S2L, S5F, and S6E). Significance between control shRNA-transfected
samples and samples transfected with Npas4, Arnt2, or Ncor2 shRNAs were calculated by a paired, one-sided t test with Benjamini-
Hochberg multiple hypothesis correction across all tested sites by shRNA for a given gene.

Peptide quantification mass spectrometry

To determine protein identity, peptide sequences were compared against protein databases with the acquired fragmentation pattern
by the software program Sequest (Thermo Fisher Scientific, Waltham, MA). Databases include a reversed version of all the se-
quences. Data were filtered to between a one and two percent peptide false discovery rate. For each sample (e.g., IgG versus
ARNT2 IP), total peptides for a given protein identified in each gel section were merged to generate a list of total peptides associated
with a given protein. Duplicate NPAS4 IP-MS and triplicate ARNT2 IP-MS experiments were performed from independently gener-
ated cortical neuron cultures. Peptide counts are provided in Table S2. The R package EdgeR (Robinson et al., 2010) was used to
identify proteins significantly enriched in ARNT2 or NPAS4 IP samples relative to control samples (IgG) using the gImTREAT() func-
tion. For the NPAS4 IP, control samples included anti-lgG IP from stimulated neurons as well as anti-NPAS4 IP from unstimulated
neurons where NPAS4 is not expressed. Proteins with an FDR of < 0.1 are indicated as a colored dot on Volcano plots.

Sequencing, alignment, and genome browser track generation

All experiments were sequenced on the Nextseq 500 (lllumina). Seventy-five base pair single-end reads were obtained for all data-
sets. ATAC-seq experiments were sequenced to a minimum depth of 20 million reads; ChIP- and RNA-seq were sequenced to a

Neuron 702, 390-406.e1-e9, April 17,2019 e7

CellPress




Cell’ress

depth of at least 30 million reads. All samples were aligned to the mm10 genome using default parameters for the Subread alignment
software (subread-1.4.6-p3, Liao et al., 2013) after quality trimming with Trimmomatic v0.33 (Bolger et al., 2014) with the following
command: java -jar trimmomatic-0.33.jar SE -threads 1 -phred33 [FASTQ_FILE] ILLUMINACLIP:[ADAPTER_FILE]:2:30:10
LEADING:5 TRAILING:5 SLIDINGWINDOW:4:20 MINLEN:45. Truseq adapters were trimmed out in ChIP- and RNA-seq experiments;
Nextera adapters were specified for ATAC-seq data.

To generate UCSC genome browser tracks for ChlP- an ATAC-seq data, all aligned bam files for each replicate of a given exper-
iment were pooled and converted to BED format with bedtools bamtobed. The 75 base pair reads were extended in the 3’ direction to
200 basepairs (bp) (average fragment length for ChIP- and ATAC-seq experiments as measured by bioAnalyzer) with the bedtools
slop command using the following parameters: -1 0 -r 125 -s. Published mm10 ChIP-seq blacklisted regions (ENCODE Project Con-
sortium, 2012) were filtered out using the following command: bedops —not-element-of 1 [BLACKLIST_BED].

The filtered BED files were converted to coverageBED format using the bedtools genomecov command with the following options:
-scale [NORM_FACTOR to scale each library to 20M reads] —bg. Finally, bedGraphToBigWig (UCSC-tools) was used to generate the
bigWIG files displayed on browser tracks throughout the manuscript.

RNA-seq quantification of gene expression

To quantify gene expression, we applied the featureCounts package (Liao et al., 2013) after aligning RNA-seq libraries to the
genome as described above, using a custom filtered annotation file: gencode.v17.annotation.gtf filtered for feature_type =
’gene,” gene_type = "protein_coding” and gene_status = "KNOWN?”) to obtain gene counts for each sample. These counts tables
were TMM-normalized using the EdgeR software analysis package (Robinson et al., 2010). Any genes that were not expressed in at
least 3 samples with TMM-normalized CPM > 1 were dropped from further analysis. Differential expression (DE) analyses were con-
ducted using the voom/limma analysis software packages (requiring FDR-corrected q < 0.05). In the case of in vivo RNA-sequencing
data in kainate-treated animals, if the animal failed to induce activity-dependent genes in the control hemisphere, both control and
shRNA/KO hemispheres were excluded from subsequent analysis. Results are plotted as volcano plots, with activity-dependent
gene sets recalculated for each experimental condition.

Single-cell RNA-seq sample preparation, library preparation, sequencing, and processing

Libraries generated from 2 replicates each of approximately 3,000 cells obtained from 0, 1, and 6 h KCI depolarized 7DIV hippocam-
pal and cortical neuronal cultures were collected using the inDrops platform (Zilionis et al., 2017). Transcripts were quality trimmed,
mapped, and assigned to cells using the published inDrops pipeline (https://github.com/indrops/indrops). Cells were clustered as
described in Hrvatin et al. (2018) using Approach 1 with the python implementation of bh-tsne (van der Maaten, 2014) and assigned
cell types based on the expression of marker genes shown in Figure S1G.

ChlIP-seq and ATAC-seq peak calling

Regions of ATAC-seq enrichment were determined using MACS2 (v 2.1.0) parameters -p 1e-5-nolambda-keep-dup all-slocal
10000, as previously described (Buenrostro et al., 2013). Peaks from individual sample replicates were intersected to find only
reproducible regions of enrichment. Blacklist regions were removed as previously described (ENCODE Project Consortium,
2012). To identify sites with enriched ChIP-seq signal (peaks), we applied the IDR pipeline (Li et al., 2011) using the MACS2 peak
calling algorithm (Zhang et al., 2008) with the following parameters:-nomodel-extsize 200—-keep-dup all. An IDR threshold of 0.01
was used for self-consistency, true replicate, and pooled-consistency analyses. The ‘optThresh’ cutoff was then used to obtain a
final set of high-confidence, reproducible ChiP-seq peaks for each factor or chromatin modification at each stimulus condition
tested.

Identification of the set of active elements

After calling ATAC-seq data and H3K27ac ChlIP-seq peaks, we constructed a set of all putative functional regulatory elements in the
embryonic cultured neuronal system by taking the union of all sites that showed significant (IDR < 0.01) ATAC or H3K27Ac ChIP-seq
signal in any of the unstimulated, 2 h KCI depolarized, or 6 h KCI depolarized conditions + any viral treatment, resulting in a total of
31,138 sites genome-wide which we defined as the set of active regulatory elements across our experimental paradigms
(Figure S1C).

Calculations of significance for peak set overlap

We used a bootstrapping approach to determine the significance of overlap of NPAS4, ARNT2, and NCoR2 complex components
as measured by ChIP-seq genome-wide (Figures 3F and S3D). For each factor, sample size-matched enhancer sets were
randomly sampled without replacement from the list of all enhancers. These sets were then intersected and the number of three
set intersections was measured across 10,000 such samples. The p value reported represents the fraction of such samples
that showed a greater degree of intersection than the observed value using the true NPAS4-, ARNT2-, and NCoR2-bound enhancer
sets.
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Identification of activity-dependent regulatory elements as measured by H3K27ac

The R package Edger (Robinson et al., 2010) was used to identify differentially acetylated regions after TMM normalization. p values
were calculated across the 2 versus 0 h KCI stimulus conditions using the gimTREAT() function with a fold change threshold of 1.5 and
FDR < 0.05. Annotations that were significantly differentially acetylated using these thresholds constituted the set of inducible
regulatory elements referenced in the paper.

Quantification of ChIP- and ATAC-seq signal for visualization

We used the HOMER software package to quantify the number of reads present across all active regulatory elements from
all ChlP- and ATAC-seq experiments by constructing tag directories (makeTagDirectory —fragLength 200) and using the
annotatePeaks.pl script (Heinz et al., 2010) with the following parameters to obtain raw counts tables by locus: -len 200 -size
given -noadj -noann -nogene. Any annotations within 1 kb of an annotated TSS were considered ‘promoter’ regulatory elements;
all other annotations were termed enhancers.

Quantile box-whisker plots were generated using the counts tables described above. Active regulatory elements with the desired
features were ranked and partitioned according to NPAS4 2 h KCI or ARNT2 0 h KCI ChlP signal intensity. Negative regions were
chosen as sites with the lowest NPAS4/ARNT2 ChliP-signal in our active regulatory element gene set. Plots display median and in-
terquantile range, notches denote confidence interval of median.

Fixed line plots were generated with Homer’s annotatePeaks.pl script from the bioreplicate pooled bed files, using the following
parameters: -len 200 -size 4000 —ghist -hist 25 -noann -nogene to generate a master table of normalized read density per bin at each
of the 31,138 active elements. All samples were normalized to 10M reads per Homer’s default processing.

Aggregate plots were generated by averaging the count density tables output by the commands above across the peak set under
consideration.

Motif discovery

Starting from the initial set of active regulatory elements, IDR-confirmed NPAS4 peaks (IDR < 0.01) from the 2 h KCI depolarized con-
dition were intersected with ARNT2 0 h KCI peaks to identify NPAS4POS/ARNT27°% and NPAS4NEG/ARNT2POS peak sets. These were
sorted by NPAS4 and ARNT2 ChlIP-signal strength respectively, TSS-proximal elements were removed, and the top 5,000 sites were
used as input for the KMACS motif-calling software (Guo et al., 2018) with the following arguments:—k_min 5-k_max 13-k_top 10
(only 4,632 NPAS4NES/ARNT2POS active enhancers survived pre-filtering). For each peak set, the other was used as the negative con-
trol using the-neg_seq parameter to enrich for set-specific motifs. An output metric ranking motif results, the scaled output partial
area under receiver operating characteristic (up to false positive rate of 0.1, auc), is displayed for each analysis.

DATA AND SOFTWARE AVAILABILITY
The accession number for the raw and processed sequencing data in this paper is Gene Expression Omnibus, GEO: GSE121660.

Analyzed single cell data from visual cortex (Hrvatin et al., 2018) is provided under GEO: GSE102827. Scripts for individual analyses
are available upon request.
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