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SUMMARY

The suprachiasmatic nucleus (SCN) is the master circadian pacemaker in mammals and is
entrained by environmental light. However, the molecular basis of the response of the SCN to light
is not fully understood. We used RNA/Chromatin Immunoprecipitation/single-nucleus sequencing
with circadian behavioral assays to identify mouse SCN cell types and to explore their responses
to light. We identified three peptidergic cell types that responded to light in the SCN: arginine
vasopressin (AVP), vasoactive intestinal peptide (VIP), and cholecystokinin (CCK). In each cell
type, light-responsive subgroups were enriched for expression of Neuronal PAS Domain Protein

4 (NPASA4) target genes. Further, mice lacking Ajpas4 had a longer circadian period in constant
conditions, a damped phase response curve to light, and reduced light-induced gene expression in
the SCN. Together, our data indicate that NPAS4 is necessary for normal transcriptional responses
to light in the SCN and is critical for photic phase-shifting of circadian behavior.
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eTOC blurb:

In this study, Xu et a/. investigate the transcriptional response of the suprachiasmatic nucleus to
light. They show that the light-inducible gene, Ajpas4, is involved in mediating the transcriptional
response of SCN neurons. Furthermore, loss of Ajpas4 alters circadian rhythms in mice, suggesting
a role for Ajpas4 in photic entrainment.
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INTRODUCTION

Circadian rhythms are 24-hour endogenous physiological and behavioral osciilations that are
entrained by environmental light-dark cycles (Golombek and Rosenstein, 2010; Pittendrigh
and Daan, 1976). In mammals, the hypothalamic suprachiasmatic nucleus (SCN) is

the master circadian pacemaker that coordinates circadian rhythms throughout the body
(Hastings et al., 2018; Morin, 2013; Ralph et al., 1990; Welsh et al., 2010). The SCN
consists of a heterogeneous cluster of approximately 10,000 neurons that are classically
subdivided into a dorsomedial “shell” and a ventrolateral “core” (Morin, 2013; Park et al.,
2016; Welsh et al., 2010). The neurons in the core of the SCN receive light information from
intrinsically photosensitive retinal ganglion cells (ipRGCs) via the retinohypothalamic tract,
and these photic inputs are sufficient to set the phase of SCN neuron oscillations (Guler et
al., 2008; Hattar et al., 2002; Jones et al., 2018; Lazzerini Ospri et al., 2017; LeGates et al.,
2014). In addition, other SCN cell types may also respond to light (Fernandez et al., 2016).

The molecular response of the SCN to light has been previously characterized en

masse (Allen et al., 2017), and includes the induction of immediate early genes (IEGS)

and signaling cascades involved in cAMP response element-binding protein (CREB)
phosphorylation (Doi et al., 2007; Ginty et al., 1993; Hatori et al., 2014; Kornhauser et al.,
1990, 1992; Morris et al., 1998; Porterfield et al., 2007; Tischkau et al., 2003). While these
previous studies were largely limited to examining bulk SCN tissues, recent experiments

in cortical tissues have paved the way towards understanding cell-type specific IEG and late-
response gene responses to visual stimuli (Lin et al., 2008; Majidi et al., 2019; Mardinly et
al., 2016; Spiegel et al., 2014) including the activity-induced responses of non-neuronal cells
(Gibson et al., 2014; Hrvatin et al., 2018; Lacoste et al., 2014; Wang et al., 2018). These
findings led us to hypothesize that the SCN may have similarly heterogenous responses to
light stimulation.

Thus, in the current study we investigated the effects of light on the SCN by examining
IEG expression at several time points after different durations of light exposure to examine
the overall kinetics of light-induced genes. Given the cellular heterogeneity within the
SCN (Park et al., 2016; Wen et al., 2020), we used single-nucleus RNA sequencing to
measure gene expression in different SCN cell populations after acute light exposure to
provide us with a better understanding of how these subpopulations respond to light. Our
transcriptomic results revealed differential patterns of acute and sustained IEG expression
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after exposure to light, as well as remarkable cell-type specificity in patterns of light-induced
genes. Moreover, when we performed motif analysis of the light-induced gene enhancers
and promoters, we found an enrichment for NPAS4 binding sites. Ajpas4is an immediate
early gene encoding a bHLH-PAS-domain family member protein whose expression in

the visual cortex is induced by light (Lin et al., 2008), but whose function has not been
explored within the SCN. We further show that loss of Ajpas4 alters photic entrainment and
circadian behavior in mice, suggesting that it may play an important role in mediating the
hypothalamic response to light.

The SCN has diverse transcriptomic responses to light

To profile transcriptomic changes in the SCN both acutely (after short light exposures)

and in more sustained light, we performed bulk RNA sequencing on whole mouse SCN
after different durations of light stimulation (0.5 hr, 1 hr, 3 hr, and 6 hr). To determine the
responses to light of pulses that cause phase shifts of circadian activity rhythms in C57BL/6J
mice, male mice were reared in the dark and exposed to light at circadian time (CT) 17, a
phase that induces the maximal delays (Vitaterna et al., 2006). To validate our experimental
design, we performed immunohistochemical analysis of FOS expression in the SCN after
different durations of light stimulation. Elevated FOS expression was observed as early as
0.5 hr after light exposure and peaked at 1 hr post-exposure (Figure 1A and 1B).

RNA sequencing of whole SCN revealed that various durations of light exposure induced
different patterns of gene expression (FDR < 0.05, abs(log,(Fold Change)) = 0.3) (Figure
1C, H-K, Table S1). We found different clusters of genes that peaked at 0.5, 1, 3 and 6 hours
of light exposure, respectively (Figure 1H). Gene ontology (GO) term enrichment analysis
revealed that genes involved in the entrainment of the circadian clock by photoperiod were
enriched in the acute responding group (Figure 1D), whereas other circadian genes had
more sustained induction (Figure 1E-G). As expected, Fosand PerI had transient responses,
while Per2showed a delayed but sustained induction (Vitaterna et al., 2006) (Figure 1H and
11). Moreover, most classical IEGs in the SCN, except for Bdnf (Figure S1A), responded to
light stimulation acutely (Figure 1H), consistent with previous reports (Hatori et al., 2014;
Porterfield et al., 2007). Genes that were reduced after light exposure are shown in Figure
S1B-I.

Npas4, which is involved in activity-dependent regulation of excitatory-inhibitory balance
(Spiegel et al., 2014), displayed an acute response in the SCN peaking at 0.5 hr (Figure
1H) similar to its response to light in visual cortex (Lin et al., 2008). Since NPAS4 binding
sites are located at Fos enhancer sites in cultured cortical neurons (Kim et al., 2010), we
wondered whether NPAS4 orchestrates the light-regulated transcriptional response in SCN
neurons. To find active enhancers in the SCN, we performed ChlIP-seq with acetylated
histone 3 lysine 27 (H3K27ac), a chromatin modification highly correlated with active
enhancers (Creyghton et al., 2010) in SCN tissue with and without 1-hour light stimulation.
While there were H3K27ac sites in the regulatory regions of IEGs, the binding occupancy
remained stable in these regions after a 1-hr light pulse (Figure S2A-C), which is in
contrast to our previous findings in the liver (Koike et al., 2012), but suggests that the SCN
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has persistent basal levels of H3K27ac and a more open chromatin state than the mouse
liver. Motif analysis of H3K27ac enhancer sites within the region 100kb upstream of the
transcription start site (TSS) of light-induced genes, ordered by the earliest time point of
induction, revealed a temporal cascade of overrepresented cis-regulatory sequences in both
enhancers and promoters (Figure 2A, B). As expected, at the 0.5 hr time point, motifs
including Cebp, Atfl, CArG, and Nfat were significantly enriched in promoter regions
(Figure 2B). CArG is a well-known motif that shares sequence similarity with the Serum
Response Element, which regulates the transcriptional activation of serum-induced genes
such as Fos (Greenberg et al., 1987; Santoro and Walsh, 1991). Further analysis using

two independent NPAS4 ChlP-seq datasets (Brigidi et al., 2019; Kim et al., 2010) and an
independent list of putative NPAS4 targets defined by ChiP-seq and RNA-seq (Bloodgood et
al., 2013) revealed significant enrichment for NPAS4 binding at light-induced gene enhancer
sites (Figure 2C, D, E). Genome browser views of NPAS4 and H3K27ac enhancer sites for
two representative light-induced IEGs, Fosand PerZ are shown in Figure 2F and G, as well
as for, NirZaland Per2in Figure S2D-E. In the Foslocus, 4 out of 5 enhancers previously
identified to be activity regulated in cortical neurons (Kim et al., 2010) were also active in
the SCN; whereas, enhancer, 3, had no H3K27ac signal in the SCN. In the NrZaZ locus,
NPAS4 is enriched at an upstream enhancer (el) and at two alternative promoter sites (TSS1
and TSS2) of the gene (Figure S2D).

Of the core circadian clock genes in mammals, PerZ and Per2 mediate transcriptional inputs
to the circadian clock mechanism for resetting and entrainment (Lowrey and Takahashi,
2011; Takahashi, 2017). In the Per1 locus, there was strong enrichment for H3K27ac and
H3K4me3 at three alternative transcription start sites (TSS1-TSS3) corresponding with
NPAS4 occupancy in this region. In the Per2locus, there was enrichment for NPAS4 in the
promoter region. Therefore, in addition to CREB-mediated signaling (Tischkau et al., 2003;
Travnickova-Bendova et al., 2002), NPASA4 is a likely upstream regulator Peri/Per2 gene
expression. These results support the hypothesis that NPAS4 is involved in the regulation of
light-induced gene expression in the SCN.

Light-responsive cellular sub-populations in the SCN

SCN neurons are heterogeneous in their responses to light (Allen et al., 2017; Park et al.,
2016; Wen et al., 2020). Therefore, to understand the full spectrum of light-responsive
cellular subtypes in the SCN, we adopted methods developed to study activity-induced
single-cell RNA-seq gene expression (Hrvatin et al., 2018) and performed single-nucleus
RNA sequencing of SCN tissue with and without 1-hr light stimulation (Figure 3A,

Figure S3). From a total of five dark and five light stimulated SCN 10X Genomics
libraries, 144,806 nuclei were sequenced, of which 144,582 survived quality filters and

the average number of detected genes per nucleus was about 1100. From these data, we
identified 45 clusters (Figure 3B) that were grouped into seven distinct cell types (neurons;
oligodendrocytes; astrocytes; endothelial cells, ependymocytes, microglia, and pericytes)
based on known cell identity markers (Figure 3C, Figure S4). Each cell type contained a
similar proportion of cells from both light and dark libraries, suggesting that the main source
of variation defining cell types was not light responsiveness, but rather other features of
cellular identity (Figure S3D). These cluster identities were consistent with three recently
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published single-cell datasets from the mouse arcuate nucleus of the hypothalamus and
median eminence (Campbell et al., 2017), the mouse visual cortex (Hrvatin et al., 2018), and
the SCN (Wen et al., 2020)(Figure S4A, B, C). In the case of the SCN, the Wen et a/. study
used Drop-seq single-cell RNA-seq (43,846 cells from 12 time points during two circadian
cycles) as compared to the single-nucleus RNA-seq with 10X Genomics technology used
here (144,582 nuclei from dark and light samples at CT17).

Based on known cell identity markers (Figure 3C), we selected 25 neuronal and 6 astrocyte
clusters and re-clustered them separately (Figure 4A and 4E). While most of the neuronal
clusters contained similar numbers of cells from dark and light libraries, 2 clusters contained
almost entirely light-responsive cells (clusters 12, and 26), and 3 clusters contained > 75%
light-responsive cells (clusters 6, 15 and 24) (Figure 4B). Surprisingly, of the astrocyte
clusters (12,720 cells in total), there was also one cluster (Astro05) containing nearly

all light-responsive cells (Figure 4F). These strongly “light-responsive cell clusters,” were
enriched with IEGs (Figure 4C and 4G), providing internal validation to our approach.
Differential expression (DE) analysis comparing the light and dark libraries within each
cell type revealed remarkably different lists of DE genes between neurons and astrocytes,
suggesting a cell-type specific response to light (Figure 4D and 4H, Table S2).

To further refine the clustering, we next investigated the expression of known SCN genes for
inclusion and non-SCN genes for exclusion within the neuronal clusters and identified 14
potential SCN clusters (Figure S5). Clusters were selected based on canonical SCN neuronal
marker genes such as Vip, Avp, Nms, Cck, Prok2, Syt10, Lhx1, Rorb, Vipr2, Avprla, Drd1,
Rgs16, C1g13, Calbl, Calb2, DIk2, Pealba, Penk, ScgZ2, Sst, Gadl, GadZ, Slc32al, Slc17a6,
and Vgf. The clusters that showed high expression of canonical markers genes were used

for subclustering. In total, reclustering resulted in 12 peptidergic SCN clusters, including
Avp-expressing cells (clusters 1-4), Vip-expressing cells (clusters 5-7), Cck-expressing cells
(clusters 8 and 9) and clusters that were not clearly identifiable, but that had similarities
with VIP neurons (clusters 10-12; Figure 5A). Importantly, neuronal subclusters were stable
across multiple arbitrary resolutions with minimal nuclei intermixing (Figure S5B).

Because immediate early genes are indicative of light responsiveness (Kornhauser et al.,
1996; Porterfield and Mintz, 2009), we used the differentially expressed IEGs to define a
subgroup of light-responsive neuronal subtypes that are part of the initial peptidergic SCN
clusters (Figure 5B-C, Table S3).

To validate these results, the expression of Fos, Egr, and PerI were examined in different
light-responsive clusters by fluorescence /n situ hybridization (FISH) using RNAscope®.
Since the Cck FISH signal was low, we instead used Prok2as a marker for cluster 9 (Cck+/
Prok2+) (Figure S5C-E). DE analysis comparing light libraries and dark libraries within
each reclustered cell type again revealed remarkably different lists of DE genes among
Avp+, Vip+ and Cck+ cells, suggesting a peptidergic neuron cell type-specific response

to light (Figure 5D - 5F, Table S4). Further, these cluster identities were consistent with

a recently published SCN single-cell dataset (Wen et al., 2020)(Figure 5G). Interestingly,
there was significant enrichment of putative NPAS4 targets in light-responsive clusters, with
the Vip+ cluster being the strongest, followed by Cck+ and Avp+ clusters (Figure 5H).
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These data support the idea that NPAS4 regulates gene expression in all light-responsive
peptidergic SCN neurons.

Loss of Npas4 in the SCN causes changes in circadian behavior

Although NPAS4 is expressed in multiple cell types in the cortex, it shows remarkable cell-
type specific functions: in glutamatergic neurons, NPAS4 promotes GABAergic synapses
and in GABAergic interneurons it increases glutamatergic synapses (Bloodgood et al., 2013;
Lin et al., 2008; Spiegel et al., 2014). SCN neurons also exhibit excitatory or inhibitory
characteristics, depending on circadian phase or SCN subregion, although a majority of SCN
neurons are GABAergic (Albers et al., 2017; Hastings et al., 2018; Kalsbeek et al., 2006).
Because we found that Ajpas4 expression was induced in the SCN by light, and we saw
significant enrichment of genes potentially regulated by NPAS4 in light responsive SCN
neuronal clusters, we hypothesized that Ajpas4 is involved in mediating the response of SCN
circuits to light.

To investigate the function of NPAS4 in the behavioral response to photic stimulation,

we examined the circadian locomotor activity rhythms in littermate Ajpas4*/*, Npas4*/,
Npas4~~mice (Lin et al., 2008). The Njpas4*’* and Njpas4*~ mice of both sexes exhibited
normal circadian behavior in LD12:12 and constant darkness (DD). However, Ajpas4*/~

and Ajpas4~~ mice of both sexes had a significantly longer circadian period in constant
darkness with Ajpas4~~ mice having a mean period greater than 24.5 hrs (Figure 6A and
6B). Njpas4~~ mice had a significantly delayed phase angle of entrainment to LD than either
Npas4** or Npas4*/~ mice (Figure 6C). Notably, the entrainment of some Ajpas4~~ mice
was unstable (Figure 6A). In addition, the magnitude of the phase shifts caused by the light
pulses was reduced in Ajpas4~~ mice (Figure 6A, 6D and 6E). A detailed phase response
curve (Figure 6F and 6G) and phase transition curve (Figure 6H and 61) to 6-h light pulses
showed that Ajpas4~~ mice had a significantly reduced response to light (** p= 2.22e-186,
nonparametric two-way ANOVA with interaction using ARTool [Aligned Rank Transform
for nonparametric factorial ANOVAS]). To further validate the function of Ajpas4 in the
SCN, we crossed Apas4™™ mice with Camk2a::iCreBAC mice (CamiCre) (Casanova et al.,
2001; Izumo et al., 2014) to generate forebrain-specific Ajpas4 null mice (cKO). Although
CamkZa s thought to be an excitatory neuronal marker, it is highly expressed in SCN
neurons which are GABAergic. Circadian behavior of the CamiCre driver mice has been
previously reported and is indistinguishable from wildtype mice (Izumo et al., 2014). Ajpas4
cKO mice expressed persistent circadian locomotor rhythms in DD compared to Ajpas4™/™
and CamiCre mice; however, they had a longer circadian period in DD, similar to Ajpas4™~
mice (Figure S6), suggesting that the long period phenotype is due to a neuron-specific
function of NPAS4.

Finally, we performed bulk RNA-seq on Ajpas4*/* and Njpas4~ SCN after 1 hr light
stimulation at CT17 in dark-reared mice. In the Ajpas4~~ SCN, 235 out of 320 light-induced
genes showed reduced responses (Figure 6J and 6K, Table S5) compared to Ajpas4**,
suggesting that the loss of Ajpas4 underlies gene expression changes in response to light
stimulation in the majority of light-induced genes and results in a reduced amplitude phase
response curve to light.
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DISCUSSION

Here, using bulk RNA-sequencing and single-nucleus RNA-sequencing of SCN, we found
that cells within the SCN have remarkably diverse responses to light. Our investigation of
the time course of light-responsive gene expression in bulk SCN samples revealed that,

in addition to an immediate early gene (IEG) response (Porterfield et al., 2007), there are
more sustained changes in gene expression. Importantly, Ajpas4, a light responsive IEG that
has been studied in the visual cortex, is among the IEGs with acute induction in the SCN.
Further, we found that mice lacking Ajpas4 had longer circadian period and reduced response
to light, providing evidence for a functional role of NPAS4 in both the entraining effects of
light as well as the kinetics of the circadian pacemaker.

Our behavioral findings from Ajpas4 deficient mice are reminiscent of Fos deficient mice,
which have normal circadian period but take longer to entrain to light shifts, also suggesting
an important role for this IEG in the SCN (Honrado et al., 1996). Notably, Ajpas4 deficient
mice do not have gross health problems seen in Fos deficient mice (Lin et al., 2008).
However, studies of other IEG knockouts, such as EGR1, suggest that not all IEGs are
required for a light response (Kilduff et al., 1998). Of the genetic models used to study
circadian behavior, loss of Cry2, Rorb, Fbx/3, or CKl1e can all cause period lengthening to
varying degrees (Etchegaray et al., 2009; Meng et al., 2008; Siepka et al., 2007). In addition,
knockout of CKZd from AVP neurons in the SCN lengthens circadian period (Mieda et al.,
2016). Interestingly, Ajpas4 deficient mice had increased basal expression of PerI (log,(FC)
=0.34, FDR = 5x107%) and Per2 (log,(FC) = 0.38, FDR = 3x1074) (Table S5). Transgenic
rats with overexpression of PerI have a ~0.6-1.0-h longer circadian period than wild-type
siblings in both activity and body temperature rhythms (Numano et al., 2006); thus, it is
possible that the behavioral effects of Ajpas4 deficiency could be due to changes in the
negative feedback elements of the core circadian clock.

In mice, Ajpas4 induction occurs in response to membrane depolarization (Ramamoorthi et
al., 2011) via L-type voltage gated channels during the formation of inhibitory synapses (Lin
et al., 2008), and also in hippocampal glutamatergic neurons after long-term-potentiation
(Ploski et al., 2010). Within the hippocampus, NPAS4 promotes the formation of inhibitory
somatostatin synapses on pyramidal neurons while also enhancing excitatory synapses

on those same inhibitory neurons (Bloodgood et al., 2013; Spiegel et al., 2014). Recent
studies have shown that action potentials trigger transcription of Ajpas4in the nucleus,
whereas excitatory postsynaptic potentials (EPSPs) induce local translation of dendritic
Npas4 mRNAs. These different Ajpas4 sources also form different heterodimers, whereupon
rapidly translated NPAS4 associates with aryl hydrocarbon receptor nuclear translocator 1
(ARNT1), while newly transcribed NPAS4 associates with ARNT2. These two different
heterodimers have different transcriptional targets: NPAS4/ARNT1 bind to intra- and inter-
genic loci while NPAS4/ARNT?2 bind to promoters (Brigidi et al., 2019). ARNT2 appears to
bind to promoters and recruit the nuclear receptor corepressor 2 (NCoR2) repressor complex
prior to activity-dependent stimulation. However, NPAS4 activation/binding disrupts the
promoter NCoR2 repressor complex and recruits NCoR2 to enhancers (Sharma et al., 2019).
NPAS4 heterodimers recognize E-box-like response elements in the regulatory regions of
target genes and DNA binding specificity is directed by ARNT1/ARNT2 (Hao et al., 2011).
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One known target of NPAS4 is Banf(Lin et al., 2008; Spiegel et al., 2014), but we see

no evidence that Banffollows a pattern of expression indicating its induction by light in

the SCN. In addition, by comparing light-induced genes in the visual cortex (Hrvatin et al.,

2018) and SCN Vjp+neurons, Cck+ neurons, and astrocytes, there is no overlap in induced
genes except for Fos. These findings suggest that activity-induced gene expression cascades
are cell-type specific.

A previous study used high-throughput gPCR to examine gene expression in ~350
microdissected SCN neurons from mice exposed to a 1-hour light pulse at Zeitgeber time
(ZT) 14 or kept in constant darkness (Park et al., 2016). The goal of that study was to
identify distinct neuronal SCN cell types and investigate different activity states, and the
authors concluded that traditionally used neuropeptide markers (e.g., AVP and VIP) did not
accurately reflect neuronal states within the SCN. In agreement with their findings, we show
that within SCN neuropeptide clusters there were subgroups of cells that were responsive

to light. However, the light induced IEG list from AVP and VIP clusters are quite distinct,
with VIP having a much larger list. Our interpretation of our data is that responsiveness to
light, itself, is not the defining characteristic of SCN subpopulations. Rather, the distinct
gene expression signatures that are induced by light may give clues to the functional
organization of the SCN. A more recent single-cell RNA sequencing study (Wen et al.,
2020) examined gene expression in the SCN over 12 circadian timepoints and uncovered

16 neuronal subtypes and 5 SCN neuron subtypes. These subtypes were examined in the
SCN of mice after 1 h of light exposure at CT17 and then categorized from most to

least light-responsive (as assessed by IEG induction): Gro*! Vip*, Vig"INms*, AvptINms*,
Cck*IC1gl3*, and Cck*/Banif*, which is largely consistent with our data. While Wen and
colleagues showed detailed expression patterns of circadian genes throughout the SCN, the
focus of our own study was not on the spatiotemporal expression of these markers. Given the
role of NPAS4 in the SCN, it will be of interest in future studies to compare the anatomical
distribution of NPAS4+ cells relative to the light-responsive peptidergic neurons in the SCN.
Because only subsets of the neuropeptide cell clusters were light responsive, double-labeling
with IEGs will likely be necessary to define these light-responsive neuropeptide subclasses.

In addition to neuropeptides, GABA and glutamate signaling are essential for SCN function.
Glutamate is the primary neurotransmitter input from the retinohypothalamic tract (Welsh
et al., 2010). In addition, glutamate released by astrocytes has been shown to be sufficient
to maintain SCN rhythms (Brancaccio et al., 2019; Brancaccio et al., 2017). Of note,
although our focus was on neuronal clusters, we did observe light-responsive astrocyte
clusters, suggesting that astrocytes may also be involved in light responses in the SCN.
GABA signaling in the SCN can be excitatory or inhibitory in different contexts (Myung

et al., 2015), and is also critical for circadian output rhythms (Ono et al., 2019). Acute
activation of GABA receptors prior to light exposure blocks the ability of light pulses to
phase shift the SCN (Albers et al., 2017). In our single-nucleus analysis, all AVP clusters
(light and dark) expressed glutamate receptor subunits (for example, Grin2b), with very little
expression of GABA receptors (Gabral-6). The three AVP non-light responsive clusters
express ViprZ, suggesting they can respond directly to VIP signaling. Interestingly, cluster 4
was light responsive but did not express ViprZ, suggesting that it may be directly activated
by retinohypothalamic projections. A recent report found that retinal ganglion cells not only
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communicate light signals to the SCN by the release of glutamate, but also via the release
of GABA, and around 59% of VIP+ neurons in the SCN receive monosynaptic, GABAergic
ipRGC input (Sonoda et al., 2020). Our gene expression analysis in VVIP+ clusters shows
Gabra2 and 4 expression in one of the VIP+ non-light activated clusters (cluster 6). Cluster
6 also contains the highest number of dark cells among all SCN clusters, suggesting a
potential inhibitory signal which may be coming from GABAergic retinal projections.

In conclusion, we report on an essential role for NPAS4 in mediating the response of

the SCN to light. Moreover, we show that the transcriptional response to light varies
significantly with the duration of light exposure and is not the same in every SCN
neuropeptidergic cell-type, suggesting that there are diverse transcriptional responses in
both neuronal and non-neuronal cells in the SCN. Taken together, our findings suggest that
our knowledge of the SCN response to light may still be open to much revision. The use
of single-nucleus techniques to study the SCN will continue to provide insights into its
complexity.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Joseph Takahashi
(joseph.takahashi@utsouthwestern.edu).

Materials Availability: This study did not generate unique reagents.

Data and Code Availability:

. RNA-seq, Chip-seq, and Single nuclei-seq data have been deposited at GEO and
are publicly available as of the date of publication. The DOI is listed in the key
resources table.

. All original code has been deposited at Github and is publicly available as of the
date of publication. DOIs are listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mice were maintained at the University of Texas Southwestern Medical Center in
accordance with Institutional Animal Care and Use Committee (IACUC) guidelines (APN:
2015-100925). Mice were supplied with food and water ad /ib under 12-h light:12-h dark
cycle with controlled temperature and humidity. For studies involving wildtype mice, 7—

8 week-old C57BL/6J males were used. For studies including genetically manipulated
mice, 7-8 week-old males and females were used. Ajpas4™™ mice and Njpas4”~ were
generous gifts from Dr. Michael E. Greenberg (Lin et al., 2008). Ajpas4”~ (C57BL/6N, N6
backcross) were maintained by heterozygous intercross Ajpas4~* littermates and produced
all experimental mice: Ajpas4**(wildtype control), Npas4*/~ (heterozygote) and Ajpas4™~
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(homozygous null). Camk2a::iCreBAC (CamiCre) (MGI:2181426) were kindly provided
by Dr. G. Schutz (Casanova et al., 2001). Cre genotyping was performed as previously
described (1zumo et al., 2014). Npas4™™ mice (C57BL/6N backcross) were crossed

to CamiCreto produce Npas4™ and CamiCre+; Npas4™ /™ (Npas4 cKO) mice. The
genotyping for Njpas4~~ was performed as previously described (Lin et al., 2008).

METHOD DETAILS

FOS immunohistochemistry and cell counting—Mice with and without light
exposure were anesthetized with 10 pl Euthasol at the end of the light stimulation. Mice
were transcardially perfused with 0.1 M phosphate saline buffer (PBS, pH7.4) followed

by 4% paraformaldehyde in 0.1 M PBS (PFA, pH 7.4). The brains were post-fixed in 4%
PFA at 4°C overnight and then cryoprotected in 30% sucrose in PBS. The brains were
embedded in Tissue-Tek® OCT (optimum cutting temperature) solution, sectioned at 40
umon a cryostat (Leica CM3050) and processed with routine immunohistochemistry. In
brief, the free-floating slices were rinsed with PBS twice and incubated with blocking buffer
(10% donkey serum, Jackson ImmuneResearch, 0.3% Triton X-100 in PBS) for one hour
at room temperature (RT) to reduce nonspecific antibody binding and increase antibody
penetration. The sections were then incubated with primary antibody (goat anti c-Fos, 1:50,
SC-52, Santa Cruz) in blocking buffer at RT for 2 days. The brain sections were washed

3 times with PBS and incubated with secondary antibody (Donkey anti Goat Alexa 546,
1:1000, Cat# A-11056, Thermofisher Scientific) in 10% Donkey serum, PBS for 1 hr. After
3 PBS washes, the sections were incubated with TO-PRO-3 lodide (642/661) (1:100, Cat no.
T3605, Thermofisher Scientific) in PBS for 1 hr at RT. The sections were then rinsed with
PBS and mounted with Prolong Gold Anti-Fade Reagent with DAPI on fluorescence-free
glass slides (Thermofisher). Confocal fluorescence images were acquired on a LSM550
microscope (Zeiss) using a 20X objective. The Z stack was done at 1.5 ymeach slice, step
size 4 um. The FOS immunoreactive cells with identifiable nuclear staining (by TOPRO3)
were counted from each z slice and 7-8 sections (40 ym apart) from each mouse (n = 4 for
each time point) were counted. The experimenter was blinded to the section identity.

RNA in situ hybridization—At the end of a 1-hr light pulse at CT17, mice were
euthanized by cervical dislocation and enucleated to prevent photic signaling to the

SCN. A 0.5 cm thick coronal brain block containing the SCN was embedded in OCT

and flash frozen in dry-ice cooled isopentane and then stored at —80°C. Within 3 days,

the brain block was sectioned at 12 pm thickness on a cryostat (Leica CM3050) and
mounted on Superfrost Plus Microscope Slides (ThermoFisher Scientific). RNAscope®

in situ hybridizations were performed on the sections containing the SCN following the
manufacturer’s instructions with RNAscope® Multiplex Fluorescent Reagent Kit v2 assay
for fresh frozen sample (Cat No. 323100, Advanced Cell Diagnostics). The sections were
imaged with a Zeiss LSM880 confocal microscope at 20X magnification. The probes used in
the study are RNAscope® Probe -Mm-Per1-C2 (438751-C2), RNAscope® Probe -Mm-Fos-
C2 (316921-C2), RNAscope® Probe- Mm-Egrl-C2 (423371-C2), RNAscope® Probe- Mm-
Avp (Cat No. 401391), RNAscope® Probe- Mm-Vip-C3 (415961-C3), RNAscope® Probe-
Mm-Gfap-C3 (313211-C3), RNAscope® Probe- Mm-Map2-C3 (431151-C3), RNAscope®
Probe- Mm-Cck-C3 (402271-C3) and RNAscope® Probe- Mm-Prok2 (447941).
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RNA-seq library preparation and sequencing—At the end of behavior tests, mice
were euthanized by cervical dislocation and enucleated to prevent photic signaling to the
SCN. Pairs of SCN were dissected on ice and then snap frozen in liquid nitrogen. The
samples were stored under —80°C and processed within a week. For each sample, we
pooled 6 pairs of SCNs. For each time condition, there were 2—4 replicates. The mRNA
was directly isolated from SCN tissue using a Dynabead™ mRNA DIRECT™ Micro kit
(Ambion) according to the manufacturer’s instructions. All mMRNA samples were examined
for quantity and quality by NanoDrop and Bioanalyzer 2100 (Agilent). The libraries
were constructed following TruSeq Stranded mRNA Sample preparation guide (Illumina)
and single end sequencing was performed on a HiSeq 2500 platform (lllumina) at the
McDermott Sequencing Core at UT Southwestern.

ChliP-seq library preparation and sequencing—At the end of behavior tests, mice
were euthanized by cervical dislocation and enucleated to prevent photic signaling to the
SCN. Pairs of SCN were dissected out and fixed in freshly made 0.5 ml 1% Formaldehyde
containing 100 mM NaCl, 1ImM EDTA, 0.5 mM EGTA, and 50 mM HEPES, pH 8.0

for 8 mins at RT. Crosslinking was stopped by adding Glycine to reach a final 125 mM
concentration for 5 mins at RT. The fixed SCN was washed twice in 0.8 ml ice-cold PBS
containing protease inhibitor (cOmplete, mini protease Inhibitor cocktail, Cat#11836153001,
Roche), 1 mM PMSF, 10 mM NaF, and PhosSTOP (Cat# 4906845001, Roche). In the end,
the SCN was stored under —80°C and processed within a week. Each ChlP-seq library was
made from two pairs of SCN. Libraries were constructed following a TrueMicroChlP-kit
(Cat. No. C01010130, Diagenode) according to the manufacturer’s instructions. In brief,
the tissue was homogenized in lysis buffer (10 mM EDTA, pH 8.0, 50 mM Tris-HCl,
pH8.0, 1% SDS, cOmplete and PhosSTOP) on ice. DNA fragmentation was performed

in a Snap-Cap microTUBE with AFA fiber with an S2 (Covaris) at 4°C (4 cycles to

reach 100-600bp fragment range). The targeted DNA was immunoprecipitated with 1 pg
H3K4me3 or H3K27ac antibodies (C15410003-50, C15410196, Diagenode). The amount
of immunoprecipitated DNA was measured with Quant-iT PicoGreen dsDNA assay kit
(Thermofisher). Single-end sequencing was performed on a HiSeq 2500 platform (lllumina)
at the McDermott Sequencing Core at UT Southwestern.

ChlP-seqg mapping and quality checks—FASTQ-files for ChlP-seq were

processed following official ENCODE guidelines (https://github.com/ENCODE-DCC/chip-
seq-pipeline2). H3K27ac/H3K4me3 reads were aligned to the mouse mmZ10 reference
genome using BWA (v0.7.16a) (Li and Durbin, 2009). Reads were filtered for MAPQ

> 10 and duplicates were removed using SAMtools (v1.3.1) (Li et al., 2009).

Quality metrices were inferred using SPP (Kharchenko et al., 2008) and Picard (http://
broadinstitute.github.io/picard/). MACS2 (v2.1.1) (Zhang et al., 2008) was used to identify
significant peaks using input DNA without ChlIP as reference.

Single-nucleus sequencing library preparation—We adopted methods developed
to study activity-induced single-cell RNA-seq gene expression (Hrvatin et al., 2018). At
the end of behavior tests, mice were anesthetized with 10 ul Euthasol and enucleated.
Mice were transcardially perfused for 5 min with 5 ml ice-cold choline solution (per liter,
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2.1 g NaHCO3, 2.16 g glucose, 0.172 g NaH2PO4-H20, 7.5 mM MgCI2-6H20, 2.5 mM
KCI, 10 mM HEPES, 15.36 g choline chloride, 2.3 g ascorbic acid and 0.34 g pyruvic
acid) which contained a small-molecule cocktail including 1 pM TTX, 100 uM AP-V, 10
UM triptolide and 5 pg actinomycin D per milliliter (Hrvatin et al., 2018). Pairs of SCN
were dissected on ice and then snap frozen in liquid nitrogen. The samples were stored
under —80°C and processed within a week. Nuclei were extracted following a modified
protocol based on CG00055 SamplePrep Demonstrated Protocol — Mouse Neural Tissue
RevA (10X Genomics). 10X Genomics libraries were constructed following CG000075
Chromium Single Cell 3 V2 Ref Cards Rev C (Cat No.PN-120237,10X Genomics). We
performed 5 replicates for each light condition (dark and 1-hr light stimulation) and 10
libraries were prepared and sequenced in total.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical comparisons apart from sequencing data, an unpaired Student’s #test was
applied to compare the mean between two independent groups. One-way ANOVA followed
by Tukey’s multiple comparisons was used to compare multiple independent groups. ****
p<0.0001, *** p< 0.001, ** p< 0.01, * p< 0.05. Data were analyzed using Prism
(GraphPad Software).

RNA-seq mapping and quantification—Reads were aligned to the mouse mm10
reference genome using STAR (v2.7.1a) (Dobin et al., 2013). For each sample, a BAM

file including mapped and unmapped reads that spanned splice junctions was produced.
Secondary alignment and multi-mapped reads were further removed using in-house scripts.
Only uniquely mapped reads were retained for further analyses. Quality control metrics
were performed using RseqQC (Wang et al., 2012) using the m10 gene model provided.
These steps include number of reads after multiple-step filtering, ribosomal RNA reads
depletion, and defining reads mapped to exons, UTRs, and intronic regions. Picard tool
was implemented to refine the QC metrics (http://broadinstitute.github.io/picard/). Genecode
annotation for mm10 (version M21) was used as reference alignment annotation and
downstream quantification. Gene level expression was calculated using Htseq (v0.9.1)
(Anders et al., 2015) using intersection-strict mode by exon. Counts were calculated based
on protein-coding genes from the annotation file.

Differential gene expression analysis—Low expressed genes were filtered using a per
time-point approach with RPKM >= 0.5 in all samples in one or the other time-point as a
filter to keep genes. Differential expression was performed in R using DESeq?2 (Love et al.,
2014). We estimated log, fold changes and P-values. P-values were adjusted for multiple
comparisons using a Benjamini-Hochberg correction (FDR). Differentially expressed genes
were defined as those with FDR < 0.05 and abs(logy(fold change)) = 0.3. A fold change
cutoff was used to increase the stringency of the results in line with previous publications
(Araujo et al., 2015; Harrington et al., 2020). Visualizations were done in R. For light
stimulation in wildtype mice, each condition with different duration of light stimulation
was compared to the CT 17 dark control. We also performed comparisons between CT17
and CT23 dark controls to detect differentially expressed genes that changed as a result of
circadian phase and not due to the 6 hr light exposure. See Table S1.
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Functional enrichment—The functional annotation of differentially expressed and co-
expressed genes was performed using ToppGene (Chen et al., 2009). We used GO and
KEGG databases. Pathways containing between 5 and 2000 genes were retained. A
Benjamini-Hochberg FDR was applied as a correction for multiple comparisons. Significant
categories were filtered for FDR < 0.05.

Gene set enrichment—Gene set enrichment was performed using a Fisher’s exact test in
R with the following parameters: alternative = “greater”, conf.level = 0.95. We reported odds
ratios (OR) and Benjamini-Hochberg adjusted p-value (FDR).

Enhancer-promoter calling and motif analysis—Consensus peaks between Light
and Dark H3K27ac/H3K4me3 were calculated using bedtools (v2.25.0) (Quinlan and

Hall, 2010) with -f 0.2 as parameter. Peak annotation and visualizations were done

in R using Chipseeker library (Yu et al., 2015). Active promoters were identified by
annotating consensus H3K27ac/H3K4me3 peaks within 3000 bp to the nearest transcription
start sites (TSS). Active enhancers were identified by overlapping consensus H3K27ac/
H3K4me3 peaks with +/- 100kb window of the genes of interest not including the

promoter regions. HOMER (v4.9.1) (Heinz et al., 2010) was used for motif analysis

using findMotifsGenome.pl. We assessed de novalknown motif discovery on both promoter/
enhancer specific peaks.

Independent NPAS4 ChiP-seq analysis—Previously published NPAS4 ChIP-seq
datasets were downloaded from GEO with accession numbers GSE21161 and GSE127793
(Brigidi et al., 2019; Kim et al., 2010). Rat NPAS4 peaks were lifted to mm10 using
liftOver. Peak annotation was performed in R using Chipseeker library (Yu et al., 2015).
Enrichment analysis was performed using Fisher exact test as described below.

10X Genomics single-nucleus sequencing analysis—Raw sequencing data were
acquired from the North Texas Genome Center at the University of Texas at Arlington and
McDermott NDA Next Generation Sequencing Core at University of Texas Southwestern
Medical Center in the form of binary base call (BCL) files from both NOVAseq and
NEXTseq platforms. BCL files were then de-multiplexed with the 10X Genomics i7 index
(used during library preparation) using Illumina’s bcl2fastq v2.19.1 and mkfastg command
from 10X Genomics CellRanger v3.0.1 tools. Extracted paired-end fastq files (26 bp long
R1 - cell barcode and UMI sequence information, 124 bp long R2 - transcript sequence
information) were checked for read quality using FASTQC v0.11.5 [FastQC, Babraham
Bioinformatics, URL.: https://www.bioinformatics.babraham.ac.uk/projects/fastqc]. R1 reads
were then used to estimate and identify real cells using whitelist command from UMI-tools
v0.5.4 (Kulkarni et al., 2019; Smith et al., 2017). A whitelist of cell-barcodes (putative real
cells) and R2 fastq files were later used to extract reads corresponding to real cells only
(excluding sequence information representing empty beads, doublets, low quality/degrading
cells, etc.) using extract command from UMI-tools v0.5.4 (Smith et al., 2017). This step also
appends the cell-barcode and UMI sequence information from R1 to read names in R2 fastq
file. Extracted R2 reads were then aligned to reference genome (MM10/GRCm38p6 for
Mouse) from UCSC genome browser (Kent et al., 2002) using STAR aligner v2.5.2b (Dobin
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et al., 2013) allowing up to 5 mismatches. Uniquely mapped reads were then assigned to
genes (exons + intron) using featureCounts program from Subread package (v1.6.2) (Liao
et al., 2014). Assigned reads sorted and indexed using Samtools v1.6 (Li et al., 2009)
were then used to generate raw expression UMI count tables using count command from
UMI-tools v0.5.4 (Smith et al., 2017) program. This raw expression matrix contains cells
as rows and genes as columns and can be further used for downstream analysis such

as normalization, clustering, differentially expressed genes, etc. Around 40% reads were
assigned and the mean of assigned reads per cell is 20,732. In total, 144,806 cells were
sequenced, of which 144,582 survived quality filters and the average number of detected
genes per cell was about 1100.

Clustering analysis—Raw single-nucleus RNA-seq UMI count data for a total of
144,806 detected cells was used for clustering analysis using Seurat v3 R analysis

pipeline (Butler et al., 2018) [https://satijalab.org/seurat/]. First, cells with more than 10,000
molecules (nUMI per cell) and cells with more than 10% mitochondrial content were filtered
out to discard potential doublets and degrading cells. Also, genes from mitochondrial and

Y chromosomes were removed. This dataset referred to as primary filtered dataset has
144,582 cells. Post filtering, the raw UMI counts from primary filtered dataset were used
for log-normalization and scaled using a factor of 10,000 and regressed to covariates such as
number of UMI per cells, percent mitochondrial content per cell and batch as described in
Seurat analysis pipeline (Butler et al., 2018) [https://satijalab.org/seurat/]. Further identifying
top 2000 variable genes, data was used to calculate principal components (PCs). Using
Jackstraw analysis, 50 statistically significant PCs were used to identify clusters within the
data using original Louvain algorithm as described in Seurat analysis pipeline (Butler et

al., 2018) [https://satijalab.org/seurat/] followed by visualizing the clusters with Uniform
Manifold Approximation and Projection (UMAP) (Becht et al., 2018; Kulkarni et al., 2019)
in two dimensions. Genes enriched in each cluster against rest of the cells (FDR < 0.05

and logy(fold change) = 0.3) were identified as described in Seurat analysis pipeline (Butler
et al., 2018) [https://satijalab.org/seurat/]. Further genes corresponding to each cluster were
used to identify the cell-type by correlating to genes expressed in single-cell data already
published (Campbell et al., 2017; Hrvatin et al., 2018; Wen et al., 2020). Cell-types were
assigned to clusters based on statistically significant enrichment of gene sets using Fisher
exact test.

“Pseudobulk” differential gene expression analysis—For differentially expressed
genes, cells corresponding to samples with or without light stimulation were grouped within
each cellular population of SCN neurons (such as Avp+ or Vipt+ or Cck+). Genes with
altered expression upon light stimulation were then identified within each SCN neuronal
population accounting for averaged expression differences. Wilcoxon test from the Seurat
v3 (Butler et al., 2018) analysis pipeline was used to identify significant gene expression
changes (FDR < 0.05 and log,(FC) = 0.3) within each category SCN neurons instead of
identified cellular clusters.

Analysis of circadian behavior—Circadian period in constant darkness (DD) or
constant light (LL) was estimated using the Chi-square periodogram in ClockLab
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(ActiMetrics, IL) over 10-day intervals. Phase shifts in response to a 6-hr light pulse were
determined from the steady-state phase of activity onsets for 14 days preceding and 14 days
after the light pulse. Because the locomotor activity records and activity onsets of ANjpas4-/-
mice were more variable than wild-type mice, we used a wavelet-based method to estimate
phase (Leise et al., 2013). Activity onsets were determined by maximal overlap discrete
wavelet transform (MODWT) based on a Matlab (Mathworks) code created by T.L. Leise
(Leise et al., 2013). Using 4-tap Daubechies mother wavelet (MODWT), 15-min sampled
actogram data were decomposed into 7 details (D1 ~ D7) associated with particular period
ranges (e.g., D3: 2 ~ 4 h) and an approximation representing all other remaining coarse
scales. An onset time on a particular day was defined as one of several local peaks in a D3
detail time series around the actual onset. The detected position of onset was dependent on
the percentage of sensitivity, which controls the threshold for local peak detection. Because
the amplitude of the actogram was not constant during the long period of recording time (~
5 months per mouse), different values of sensitivity were applied during the time intervals
before and after each light pulse within the same actogram. The optimal value of sensitivity
was determined as one that gave the smallest product of two root mean square error (RMSE)
values from the two lines which fit onsets before and after each light pulse. With this
procedure, the first three days after the light pulse were skipped (due to transients and

the unstable nature of the activity right after the light pulse) to improve the fitting score.
Moreover, outliers (points more than two standard deviations from the fitting lines) were
automatically suppressed by assigning them lower weights using iteratively reweighted least
squares (“fitlm” function with robust linear regression option in Matlab).

The phase of the light pulse was calculated from the circadian period (slope of the fitting
line) and the time difference between CT 12 (phase of activity onset) and the beginning
of the light pulse. The magnitude of the phase shift was determined as the time difference
between the intersection points of the two lines with the day of the light pulse. Phase
response curves (PRCs) to light were plotted with data meeting two conditions: 1) two
R-squared values of the line fitting onsets before and after the light pulses were both greater
than 0.5, and 2) two RMSE values of the line fitting onsets before and after the light
pulses were both smaller than 3.0 h. The total number of light pulses plotted was 195
(126 for Ajpas4*/* and 69 for Ajpas4~~ mice). Raw actogram data from all mice and the
source code for the time series analysis with MODWT are available in https://github.com/
Takahashi-Lab-UTSW/Actogram-Wavelet-Analysis.

For statistical comparisons between Ajpas4*/* and Npas4™~ PRCs, the data on the graphs
were grouped every CT 3 hours (CTO, CT3, CTS, ..., CT21) separately in Ajpas4*/* and
Npas4~~, with CTO representing the data between CT 22.5 and CT 1.5. To assess the effects
of CT and genotype on PRCs, data were analyzed with a nonparametric two-way ANOVA
with interaction using ARTool (Wobbrock et al., 2011). To make a complete block design,
the PRC was smoothed by the kernel density estimation with Gaussian kernel function

and bandwidth 1 (Hardle, 1990). Missing data were imputed by uniform random numbers
ranging from minimum and maximum values of the smoothed curve within each CT group.
Aligned Rank Transform (ART) nonparametric ANOVA analysis revealed a significant
interaction between CT and genotype (p-value = 2.2x10716). To determine the nature of
the interaction, pairwise comparison with interaction (R phia package) showed a significant
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effect of genotype on the phaseshift (p < 0.05) over most of the pairs except CTO - CT3/
CT21, CT6 - CT3/18,and CT12 - CT9/CT15. R code for the ART analysis and the results
are available in the above github repository.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Light activates diverse patterns of gene expression in the SCN of the
hypothalamus.

Light-responsive genes in the SCN show enrichment for NPAS4 regulatory
elements.

Light-responsive SCN neurons also shown increased expression of NPAS4
target genes.

Mice lacking Npas4 have reduced phase shifting to light and longer circadian
rhythms.
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Fig 1. Light exposure drives diverse transcriptomic changes in the SCN.
(A) Representative images for immunohistochemical analysis of FOS (red) in the SCN of

wildtype mice after 0.5-, 1-, 3-, and 6-hour periods of light stimulation beginning at CT17.
Scale bar, 50 um.

(B) Quantification of FOS- immunoreactive cells in the SCN after 0.5-, 1-, 3-, and 6-hr
periods of light stimulation. Mean + s.e.m. are shown. (n = 4 for each time condition, * p <
0.05, one-way ANOVA, adjusted with Tukey’s post hoc test)

(C) Heatmap of light-induced genes grouped by time of peak expression.
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(D-G) Pathway analysis of light-induced genes at different timepoints.

(H-K) Representative light-induced genes that peaked at 0.5-, 1-, 3-, or 6-hr periods of light
stimulation. All examples were significantly induced genes as assessed by differential gene
expression analysis (see Table S1).
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Fig 2. Transcriptional regulation of light-induced genes in the SCN may be mediated by NPAS4.
(A-B) Sequence motif analysis of H3K27ac sites in newly induced genes. Induced genes

were grouped into different time points based on the earliest time point at which their
MRNA was significantly upregulated (log,(FC) = 0.3, FDR <0.05). Sequence motif analysis
was carried out on the consensus peak set between dark and light stimulated conditions
using HOMER (Heinz et al., 2010).

(A) HOMER motif analysis of H3K27ac sites in enhancer regions of newly upregulated
genes at different durations of light stimulation duration.
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(B) HOMER motif analysis of H3K27ac sites in promoter regions of newly upregulated
genes at different durations of light stimulation.

(C-E) Enrichment analysis of NPAS4 ChlP-seq and putative NPAS4 target genes with
light-induced differentially expressed genes.

(C) Enrichment analysis of putative NPAS4 target genes (Bloodgood et al., 2013) with
light-induced differentially expression genes.

(D) Enrichment analysis of NPAS4 ChlP-seq (Kim et al., 2010) with light-induced
differentially expression genes.

(E) Enrichment analysis of NPAS4 ChiP-seq (Brigidi et al., 2019) with light-induced
differentially expression genes.

(F-G) UCSC genome browser views of Fosand Perl. NPAS4 ChlIP-seq (Kim et al., 2010)

is shown in dark blue. H3K4me3, H3K27ac ChIP-seq, and light pulse bulk RNA-seq are
shown as indicated. The bed file of the promoter (-=1kb - +100 bp) is shown in green while
the bed file of H3K27ac sites is shown in red. The H3K27ac sites for Fos are shaded blue.
The e3 enhancer of Fosis missing in SCN cells and its putative location is highlighted with a
dotted box. The promoter region for Fosis highlighted in shaded grey. PerZ has 3 alternative
transcriptional start sites (TSS) that correspond with the nucleosome-free H3K27ac regions
within the broad H3K27ac peak that spans all three TSS. CLOCK:BMAL1 occupancy peaks
at the locations of TSS1 and TSS3 in Perl (Koike et al., 2012).
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Fig 3. Single-nucleus RNA-seq reveals the full spectrum of cell profiles in the SCN.

Experimental workflow of the 1-hr light pulse SCN single nuclei RNA-seq.

(A) UMAP plot of 144,582 nuclei, colored according to density clustering and annotated

according to known cell types (clustering resolution = 0.8).

(B) Dot plots showing the relative expression of marker genes for major cell types. Size
of the dot reflects the percentage of cells expressing a gene of interest and color intensity

reflects the average expression (darker= more highly expressed).
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Fig 4. Neuronal and astrocyte clusters in the SCN show heterogeneous responses to light.
(A) UMAP plot of neuronal clusters, colored according to density clustering and annotated

according to known cell identity markers (clustering resolution = 0.5).
(B) Cell distribution for each cluster. Open bars, cells from light sample libraries; filled bars,

cells from dark sample libraries.

(C) Dot plots for marker genes for major neuronal types. Size of the dot reflects the
percentage of cells expressed gene of interest and color intensity reflects the average
expression (darker = more highly expressed).
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(D) Differential gene expression between light clusters and control clusters. Significantly
changed genes are defined logy(FC) = 0.3, FDR < 0.05. Red dots indicate genes of interest
(labeled).

(E) UMAP plot of astrocytes clusters, colored according to density clustering and annotated
according to known cell identity markers. (clustering resolution = 0.5).

(F) Cell distribution for each cluster. Open bars, cells from light sample libraries; filled bars,
cells from dark sample libraries.

(G) Dot plots showing the relative expression of marker genes for major astrocytes types.
Size of the dot reflects the percent of cells expressed gene of interest and the color intensity
reflects the average expression level from the cells in which the gene was detected.

(H) Differential gene expression between light clusters and control clusters. Significantly
changed genes are defined as log,(FC) = 0.3, FDR < 0.05. Red dots indicate genes of
interest (labeled).
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Fig 5. SCN neuropeptide cell clusters can be further refined by their response to light.
(A) Spectral UMAP plot of neuronal clusters, colored according to density clustering and

annotated according to known cell identity markers (clustering resolution = 0.5).
(B) Cell distributions for each cluster. Open bars, cells from light sample libraries; filled
bars, cells from dark sample libraries.
(C) Dot plots showing the relative expression of marker genes for major SCN neuronal cell
types. Size of the dot reflects the percentage of cells expressing a gene of interest and the

color intensity reflects the average expression (darker = more highly expressed.
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(D-F) Differential gene expression after light stimulation in (D) Avp-, (E) Vip—, and (F)
Cck-expressing cells. Significantly changed genes are defined as log,(FC) = 0.3, FDR <
0.05.

(G) Heatmap shows the correlation between SCN cell types discovered in a dataset from
mouse SCN (Wen et al., 2020) and this study. Fisher’s exact test and the color reflects the
adjusted p value.

(H) Enrichment of putative NPAS4 targets in three light-responsive, peptidergic clusters.
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Fig 6. Mice lacking Npas4 display abnormal circadian entrainment, reduced phase response to
light and long circadian period.

(A) Representative actograms of male and female Apas4**, Npas4*/~ and Npas4~~ mice.
Records are double plotted, and each horizontal line represents 48 hrs. of activity.

(B) Period of each genotype in constant darkness (Mjpas4™*, n = 32, Npas4?/~, n = 32,
Npas4™~,n = 27). Mean % s.e.m. are shown. (**** p <0.0001, ** p <0.01, one-way
ANOVA, adjusted with Tukey’s post hoc test)
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(C) Phase of entrainment of each genotype (only mice entrained to LD were included in
analyses; Npas4?/*, n = 31, Npas4?/~, n = 26, Npas4~~, n = 10). Mean + s.e.m. are shown.
(**** p <0.0001, one-way ANOVA, adjusted with Tukey’s post hoc test)

(D-E) Activity records of representative Ajpas4*/* (D) and Ajpas4~~ (E) mice given a 6-h
light pulse (indicated by light blue stripe) at CT17. Records are double-plotted and each
horizontal line represents 48 hrs. of activity.

(F-G) Representative phase-response curves to 6-h light pulses in Ajpas4*/* (n = 25) (F) and
Npas4™~ (n = 21) mice (G). The x axis displays the circadian time (CT) at the beginning of
the light pulse. The y axis shows the phase shift induced by the light pulse. (**** p <0.01,
nonparametric two-way ANOVA (Mack-Skillings test)

(H-1) Phase-transition curves to the light pulses in Ajpas4*/* (H) and Njpas4~~ (1) mice. Data
from F and G are re-plotted and the x axis shows the phase (CT) at the beginning of the light
pulse and it is determined from the preceding free run. The y axis indicates the extrapolated
phase (CT) of the light pulse and it is calculated from the reset activity rhythm.

(J) Gene expression changes in the SCN from Ajpas4*/* (n = 3) and Ajpas4™~ (n = 3)

mice after a 1-hour light pulse. Red circles indicate differentially expressed genes in both
Npas4*”*, and Npas4~~, green circles indicate differentially expressed genes in Ajpas4™~
only, and blue circles indicate differentially expressed genes in Ajpas4*/* only.

(K) Examples of changes in gene expression with and without light pulse from Ajpas4**,
and Ajpas4~~ SCNs. Blue lines indicate gene expression in Ajpas4*/* and green lines
indicate gene expression in Ajpas4™".
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti c-Fos

Santa Cruz Biotechnology

Cat# sc-52-G; RRID: AB_2629503

Donkey anti-Goat 19gG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 546

Thermo Fisher Scientific

Cat# A-11056; RRID: AB_2534103

Rabbit polyclonal anti-H3K4me3 Diagenode Cat# pAb-003-050; RRID: AB_2616052
Rabbit polyclonal anti-H3K27ac Diagenode Cat# C15410196; RRID: AB_2637079
Chemicals, Peptides, and Recombinant Proteins

TO-PRO-3 lodide (642/661) Thermofisher Cat# T3605

cOmplete mini protease Inhibitor cocktail Roche (Sigma) Cat# 11836153001

PhosSTOP Roche (Sigma) Cat# 4906845001

Tetrodotoxin 1 mg Tocris (FISHER) Cat# 1078

DL-AP5 Sodium salt 50 mg

Tocris (FISHER)

Cat# 36-935-0R

Triptolide

Sigma

Cat# 645900-1 MG

Actinomycin D

Sigma

Cat# A1410-2MG

Critical Commercial Assays

RNAscope® Fluorescent Multiplex Kit v2 ACD bio / Bio-Techne Cat# 323100

RNAscope® Target Retrieval Reagents ACD bio / Bio-Techne Cat# 322000

TSA Plus Fluorescein Evaluation Kit Perkin Elmer NEL741E001KT

TrueMicroChlP Diagenode Cat. No. C01010130 (AB-002-0016)
DynabeadTM mRNA DIRECTTM Micro kit Ambion Cat# 61021

Chromium™ Single Cell 3’ Library & Gel Bead Kit v2

10x Genomics

Cat# PN-120237

Deposited Data

Chip-seq, RNA-seq, Single nuclei-seq

This paper

GEO: GSE148252

MM10/GRCm38p6 for Mouse

UCSC genome browser

http://genome.ucsc.edu

NPAS4 ChIP-seq

(Kim et al., 2010)

GEO: GSE21161

NPAS4 ChlP-seq

(Brigidi et al., 2019)

GEO: GSE127793

Experimental Models: Organisms/Strains

Mouse: Npa54‘/‘ M.E. Greenberg, Harvard Lin et al., 2008
Medical School, Boston
MA
Mouse: Njpas4™/™ M.E. Greenberg, Harvard Lin et al., 2008
Medical School, Boston
MA
Mouse: Camk2a::iCreBAC (Casanova et al., 2001) MGI: 2181426
Oligonucleotides
Primer: Ajpas4™~, WT forward: (Lin et al., 2008) N/A

TGCTGAGAGGGTCTTTCTATGCG; WT reverse:
TCCAGGTAGTGCTGCCACAATG; Null forward:
AAAGACCCCAACGAGAAGCG; Null reverse:
GCAAGTAAAACCTCTACAAATGTGG
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TCTGATGAAGTCAGGAAGAACC; reverse:
GAGATGTCCTTCACTCTGATTC

REAGENT or RESOURCE SOURCE IDENTIFIER
Primer: Npas4™%, forward: (Lin et al., 2008) N/A
CCCTGCCCTTCTAATCAGAC,; reverse:

GGCATTGTTCTTTCTGTCTCC

Primer: Camk2a::iCreBAC, forward: (Casanova et al., 2001) N/A

Software and Algorithms

Code for data pre-processing, clustering, differential
gene expression analysis, and peak calling

(Berto et al., 2021) and this
paper

https://doi.org/zenodo0.5111722

Code for the Wavelet Analysis

This paper

https://doi.org/10.5281/zenodo.5106445

BWA (v0.7.16a)

(Li and Durbin, 2009)

https://github.com/In3/bwa/releases

SAMtools (v1.3.1)

(Li etal., 2009)

http://samtools.sourceforge.net/

SPP

(Kharchenko et al., 2008)

https://github.com/hms-dbmi/spp

Picard

http://broadinstitute.github.io/picard/

MACS2 (v2.1.1)

(Zhang et al., 2008)

https://github.com/macs3-project/ MACS/tree/
master/MACS2

STAR (v2.7.1a)

(Dobin et al., 2013)

https://github.com/easybuilders/easybuild-
easyconfigs/pull/8388

RseqQC

(Wang et al., 2012)

https://github.com/
MonashBioinformaticsPlatform/RSeQC

Htseq (v0.9.1)

(Anders et al., 2015)

https://github.com/simon-anders/htseq

ToppGene (Chen et al., 2009) https://toppgene.cchmc.org/
bedtools (v2.25.0) Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/
Chipseeker (Yuetal., 2015) https://www.bioconductor.org/packages/release/

bioc/html/Ch1Pseeker.html

HOMER (v4.9.1)

(Heinz et al., 2010)

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

CellRanger v3.0.1

10x Genomics

https://support.10xgenomics.com/single-cell-
gene-expression/software/overview/welcome

FASTQC v0.11.5

Babraham Bioinformatics

https://www.bioinformatics.babraham.ac.uk/
projects/fastqc

UMI-tools v0.5.4

(Kulkarni et al., 2019);
(Smith et al., 2017)

https://github.com/CGATOxford/UMI-tools/
releases

Subread package (v1.6.2)

(Liao et al., 2014)

http://subread.sourceforge.net/

Seurat v3 R analysis pipeline

(Butler et al., 2018)

https://satijalab.org/seurat/

Uniform Manifold Approximation and Projection
(UMAP)

(Becht et al., 2018);
(Kulkarni et al., 2019)

https://umap-learn.readthedocs.io/en/latest/

ClockLab Actimetrics https://www.actimetrics.com/products/clocklab/

ARTool (Wobbrock et al., 2011) http://depts.washington.edu/acelab/proj/art/
index.html

Prism GraphPad Inc. https://www.graphpad.com/scientific-software/
prism/

Other

smFISH probe: Mm-Per1-C2

ACD bio / Bio-Techne

Cat#438751-C2

smFISH probe: Mm-Fos-C2

ACD bio / Bio-Techne

Cat#316921-C2

smFISH probe: Egr1-C2

ACD bio / Bio-Techne

Cat#423371-C2

smFISH probe: Mm-Avp

ACD bio / Bio-Techne

Cat#401391
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

smFISH probe: Mm-Vip-C3

ACD bio / Bio-Techne

Cat#415961-C3

smFISH probe: Mm-Gfap-C3

ACD bio / Bio-Techne

Cat#313211-C3

smFISH probe: Mm-Map2-C3

ACD bio / Bio-Techne

Cat#431151-C3

smFISH probe: Mm-Cck-C3

ACD bio / Bio-Techne

Cat#402271-C3

smFISH probe: Mm-Prok2

ACD bio / Bio-Techne

Cat#447941
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