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Abstract

BACKGROUND: NPAS3has been established as a robust genetic risk factor in major mental
illness. In mice, loss of neuronal PAS domain protein 3 (NPAS3) impairs postnatal hippocampal
neurogenesis, while loss of the related protein NPAS1 promotes it. These and other findings
suggest a critical role for NPAS proteins in neuropsychiatric functioning, prompting interest in the
molecular pathways under their control.

METHODS: We used RNA sequencing coupled with chromatin immunoprecipitation sequencing
to identify genes directly regulated by NPAS1 and NPAS3 in the hippocampus of wild-type,
Npas1~'=, and Njpas3~'~ mice. Computational integration with human genetic and expression data
revealed the disease relevance of NPAS-regulated genes and pathways. Specific findings were
confirmed at the protein level by Western blot.

RESULTS: This is the first in vivo, transcriptome-scale investigation of genes regulated by
NPAS1 and NPAS3. These transcription factors control an ensemble of genes that are themselves
also major regulators of neuropsychiatric function. Specifically, FmrI (fragile X syndrome) and
Ube3a (Angelman syndrome) are transcriptionally regulated by NPAS3, as is the neurogenesis
regulator Notch. Dysregulation of these pathways was confirmed at the protein level. Furthermore,
NPAS1/3 targets show increased human genetic burden for schizophrenia and intellectual
disability.
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CONCLUSIONS: Together, these data provide a clear, unbiased view of the full spectrum of
genes regulated by NPAS1 and NPAS3 and show that these transcription factors are master
regulators of neuropsychiatric function. These findings expose the molecular pathophysiology of
NPAS1/3 mutations and provide a striking example of the shared, combinatorial nature of
molecular pathways that underlie diagnostically distinct neuropsychiatric conditions.
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Neuronal PAS domain protein 1 (NPAS1) and NPAS3 (1,2), members of the neuronal PAS
(Per-Arnt-Sim) domain transcription factor (TF) family (3-5), are prominently expressed in
the brain with conserved structure for multiligand binding, lending them to physiologic and
potentially pharmacologic regulation (6). MNPAS3 aberrations are implicated in many
neuropsychiatric conditions, including schizophrenia (7-12), bipolar disorder (9,13,14),
major depression (13,15), attention-deficit/hyperactivity disorder (15), and intellectual
disability (10,16,17). NPAS3is also one of the fastest evolving human genes (18,19), and
one of 27 genes exhibiting recurrent double-strand DNA break clusters in neural stem cells,
a measure of gene fragility related to neuropsychiatric disorders (20). Preclinical models
show that NPAS3 and NPAS1 affect physiologic processes relevant to neuro-psychiatric
disease (21-23), including support of postnatal hippocampal neurogenesis by NPAS3 (24)
and inhibition by NPASL1 (25). Postnatal hippocampal neurogenesis is altered in many
neuropsychiatric conditions (14,24,26-33).

Despite the importance of NPAS1 and NPAS3, little is known about their target genes. Most
of the current literature comprises hypothesis-driven, low-throughput studies
(21,22,24,25,34) that do not capture the full extent of NPAS1/3-dependent regulation. While
there is one published highthroughput (microarray) investigation of gene expression in
NPAS3-overexpressing HEK293 cells (35), correlative in vivo testing was not conducted.
NPAS-dependent pathophysiology may be caused by a completely novel molecular pathway,
or it may represent a combinatorial effect of perturbing known pathways already linked to
neuropsychiatric conditions. These possibilities are not mutually exclusive, given the broad
role for NPAS1/3 in neuropsychiatric disease. Thus, full understanding of the regulatory
programs of these TFs in the brain is critical.

To comprehensively characterize NPAS1/3 regulatory targets, we quantified gene expression
by RNA sequencing (RNAseq) in wild-type (WT) and mutant (ApasZ~/~ or Npas3'~)
hippocampus (Figure S1 in Supplement 1). We also determined genomic sites of regulatory
binding of NPAS1/3 by chromatin immunoprecipitation sequencing (ChlP-seq) in mutant
and WT hippocampus. The goal was to identify genes showing transcriptional perturbation
in mutant animals as well as proximal binding of the respective TF in WT animals and thus
establish putative NPAS1/3 regulatory targets that could be validated at the protein level.
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METHODS AND MATERIALS

Animals

Details regarding RNA-seq analysis, ChlP-seq analysis, network analysis, human genetic
analysis, and Western blotting are provided in Supplement 1.

For RNA-seq experiments, 12-week-old male (7= 10 each) Npas3'~, Npas1™=, or WT
littermate mice on C57BL/6 background were used. All mice were maintained under
temperature-controlled (22°C-23°C), light-controlled (12-hour light cycle from 6 AM to 6
PM), and humidity-controlled (40%—-60%) conditions with free access to food and water.
Animals were sacrificed at the same time during the light period of the light/dark cycle (3
PM). All work was approved by University of lowa Institutional Animal Care and Use
Committee. Before brain dissection, animals were euthanized according to American
Veterinary Medical Association guidelines (36).

RNA Preparation and Sequencing

Total RNA was prepared from murine whole hippocampus using the Ambion mirVana
miRNA lIsolation Kit (AM1560; Invitrogen, Waltham, MA) and quantified using the Agilent
2100 Bioanalyzer nanochip (Agilent Technologies, Santa Clara, CA). Mean RNA integrity
number for the samples was 9.2 (SD 0.5). Sixty libraries were prepared using the Illumina
TruSeq Stranded Total RNA with Ribo-Zero gold sample preparation kit (Illumina, Inc., San
Diego, CA), using 500 ng of input total RNA. Libraries were run on the Agilent 2100
Bioanalyzer High Sensitivity kit (Agilent Technologies) and combined in equimolar
concentrations into three pools based on index color balance. Concentration of pools was
measured with the KAPA Illumina Library Quantification Kit (KAPA Biosystems,
Wilmington, MA). Pools were sequenced on Illumina HiSeq 2000 and 2500 sequencers with
100-bp Paired-End v3 SBS chemistry (Illumina) at the lowa Institute of Human Genetics.

Chromatin Immunoprecipitation

Chromatin was prepared from murine whole hippocampus (12-week-old WT, 79.3 mg [2
females, 1 male]; Apas1~/-, 78.6 mg [1 female, 2 males]; Mpas3™'~, 74 mg [3 females]).
Figure S7 in Supplement 1 shows that different sex distributions within each group had
minimal effect on ChIP-seq peak call rate on sex chromosomes. ChIP was performed using
anti-NPAS1 (ab183655; Abcam, Cambridge, MA), anti-NPAS1 (sc-482; Santa Cruz
Biotechnology, Santa Cruz, CA), and anti-NPAS3 (PA5-20365; Thermo Scientific,
Waltham, MA) antibodies, using 14-15 mg of tissue. Tissue was diced into approximately 1-
mm3 pieces with a razor blade on ice with cold phosphate-buffered saline (supplemented
with phenylmethylsulfonyl fluoride), washed in cold phosphate-buffered saline
(supplemented with phenylmethylsulfonyl fluoride), and resuspended in cold 1x Covaris
fixing buffer A (PN520083; Covaris, Inc., Woburn, MA). Tissue was then fixed in 1%
formaldehyde (28906; Thermo Scientific) for 10 minutes, followed by quenching with 0.75
mol/L Tris (pH 7) for 5 minutes at room temperature. Cross-linked tissue was cryofractured
twice at setting 5 using a cryoPREP Impactor (CP02; Covaris, Inc.). Chromatin was isolated
and sheared according to the Covaris truChIP Tissue protocol (PN 520083; Covaris, Inc.).
Cells and tissue were disrupted and extracted in Covaris lysis buffer, washed with Covaris
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wash buffer, and sheared in Covaris shearing buffer with a Covaris E220 instrument
(Covaris, Inc.). Shearing was performed in microTUBEs (PN520045; Covaris, Inc.) for 10
minutes with 2% acoustic duty factor, 105 W peak incident power, and 200 cycles/burst. The
sheared lysate was centrifuged at approximately 21,000 g for 10 minutes at 4°C, and cleared
supernatant was used for immunoprecipitation. Pull down was performed in 1.5-mL DNA
LoBind tubes (022431021; Eppendorf North America, Hauppauge, NY), using 25 pL of
Protein G Dynabeads (1003D; Invitrogen) in radio-immunoprecipitation assay buffer (10
mmol/L Tris-Cl pH 7.6, 1 mmol/L ethylenediamine tetraacetate, 150 mmol/L sodium
chloride, 5% glycerol, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton
X-100) with 0.6 pg/uL bovine serum albumin overnight. The following day, beads were
washed four times using radioimmunoprecipitation assay buffer with 500 mmol/L sodium
chloride and stringent lithium chloride buffer (20 mmol/L Tris-Cl pH 8.0, 1 mmol/L
ethylenediamine tetraacetate, 500 mmol/L lithium chloride, 1% NP-40 substitute, 1%
sodium deoxycholate). Immunoprecipitation material was treated with RNase (EN0531;
Thermo Scientific) for 30 minutes at 37°C, followed by liberation of DNA from proteins by
heat-reversing cross-linking at 65°C overnight in the presence of 1.6 U Proteinase K
(P8107S; New England Biolabs, Inc., Ipswich, MA). ChIP and input DNA were purified
using MinElute PCR Purification kit (28004; QIAGEN, Valencia, CA). Adequate shearing
(DNA 100-600 bp) was assayed by the BioAnalyzer (Agilent). Libraries were prepared with
the Ovation Ultralow system V2 Prep Kit (0344NB; NuGEN, San Carlos, CA).

NPAS3 Regulates Approximately Three Times as Many Genes as NPAS1

There were 443 protein-coding transcripts significantly regulated by loss of NPAS1 (Figure
1A and Table S1 in Supplement 2). Most were downregulated (31% upregulated and 69%
downregulated; p< 2.2 x 10716, binomial test). Loss of NPAS3 resulted in approximately
threefold greater transcriptional perturbation (1141 differentially regulated protein-coding
transcripts). As with NPAS1, most differentially regulated genes in NPAS3-deficient mice
showed decreased expression compared with WT mice, with 60% decreased and 40%
increased (p < 2.2 x 10716, binomial test). Thus, both TFs serve predominantly an activating
role in mouse brain, with NPAS3 regulating approximately three times as many genes as
NPASL. In addition, Ajpas1 is downregulated in the Ajpas3 knockout, while Ajpas3
expression remains statistically unchanged in the Ajpas knockout. This was confirmed by
quantitative polymerase chain reaction (Supplement 1).

Reciprocally Regulated NPAS1/3 Genes

Among the most striking aspects of the NPAS1/3 relationship is that loss of NPAS1
promotes postnatal hippocampal neurogenesis, while loss of NPAS3 inhibits it. To explore
this reciprocity, we investigated genes regulated by both NPAS1 and NPAS3. There were 93
protein-coding transcripts coregulated by NPAS1 and NPAS3 (odds ratio [OR] = 8.3, p< 2.2
x 10716) (Figure 1B), with 80% regulated in the same direction. Coregulated genes showed
significant preference (p< 1 x 1078, binomial test with null proportion of 0.5) for regulation
in the same direction by NPAS1 and NPAS3, with a large majority (71) being downregulated
in the absence of NPAS1 or NPAS3. Transcripts of only three genes were upregulated in
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both mutant strains. Eight transcripts were reciprocally regulated with increased expression
in NPAS1-deficient mice and decreased expression in NPAS3-deficient mice, and 11
transcripts were reciprocally regulated in the opposite manner (Figure 1B and Table S2 in
Supplement 2).

Both NPAS1- and NPAS3-regulated transcripts showed significant functional enrichment for
neuronal and neurogenesis related processes (Figure S2A in Supplement 1, Tables S3 and S4
in Supplement 2), including roles in neuritic projections and synaptic function. Relative to
NPAS3-regulated genes, NPAS1-regulated genes were enriched for RNA binding,
myelination, and glutamate receptor binding (Figure S2B in Supplement 1). By contrast,
NPAS3-regulated genes were enriched for processes related to the extracellular matrix and
cardiovascular, skin, and respiratory development (Figure S2B in Supplement 1). NPAS3
and its ortholog in Drosophila, trachealess, have been connected to respiratory development
(37,38).

We next confirmed protein expression by Western blot (Figure 1C, D). Neurobeachin,
cannabinoid receptor 1, neuronal pentraxin receptor, MKL/myocardin-like 2, and
microtubule-associated protein 2 were significantly regulated in the expected directions in
NPAS1-deficient (up) and NPAS3-deficient (down) hippocampus, and RYR2 trended in the
expected direction. Bone morphogenetic protein-binding endothelial regulator did not
achieve significance in either condition and did not trend in the expected direction. Finally,
interferon induced protein with tetratricopeptide repeats 2 was significantly repressed in
both NPAS1- and NPAS3-deficient mice, in contrast to the transcriptional data that indicated
upregulation in Apas3™~and downregulation in AjpasZ~~. Thus, for reciprocally regulated
genes identified by RNA-seq, there was a high degree of agreement at the protein level.
Future examination of reciprocally regulated genes may lend insight into the opposing roles
of NPAS1 and NPAS3 in postnatal hippocampal neurogenesis.

Direct Transcriptional Targets of NPAS1/3

ChiIP-seq enables identification of genomic binding sites for NPAS1/3. While RNA-seq
identified all transcriptional changes that were due to loss of NPAS1/3, ChlP-seq provides
the necessary information to infer which of those changes are due to direct transcriptional
regulation via DNA binding of the TFs.

ChiIP-seq analysis of hippocampal chromatin from all three genotypes (Figure 2A) yielded
7183 NPASLI peaks (i.e., genomic binding events) and 12,914 NPAS3 peaks (Figure 2B and
see Supplement 1 for criteria). Of those, 347 (NPAS1) and 1697 (NPAS3) peaks mapped to
transcripts regulated by the respective TF in the RNA-seq data. Specificity of peaks was
demonstrated by their absence in the respective NPAS1- or NPAS3-deficient strain (Figure
2A). Complete peak data are presented in Tables S5 and S6 in Supplement 2. NPAS1 and
NPAS3 peaks were significantly enriched upstream of regulated transcripts in NPAS1- and
NPAS3-deficient mice, respectively (Figure 2D, E), and significantly depleted downstream.
NPAS3 peaks were also significantly enriched within the gene bodies of regulated
transcripts.
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A direct target (i.e., a gene) of a TF was defined as a gene found by RNA-seq to be regulated
by the TF and also found by ChIP-seq to have corresponding binding either proximally or
within the body of the gene for that transcript. NPAS3 directly regulated 461 target genes,
while NPASL1 directly regulated 140 target genes (Figure 2C). We then determined the
distance between transcription start sites of all transcripts and the nearest NPAS1 or NPAS3
peak. ChlP peaks were enriched upstream of regulated transcripts for both TFs, with NPAS3
peaks especially pronounced (Figure 2F, G). Together, these complementary analyses
demonstrate enrichment of NPAS1/3 genomic binding proximal to genes dysregulated in
their respective TF knockout. This suggests direct transcriptional regulation by DNA binding
of these TFs as a major contributing factor to gene expression changes identified by RNA-
seq.

NPAS1/3 Regulatory Network Analysis

Two distinct clusters in the NPAS3 regulatory network were observed (Figure S5 in
Supplement 1). The first centered around Notch1/2 and Jagl (Figure 3A), implicating the
Notch signaling pathway, and the second centered around the NPAS3 target gene Reelin
(Figure 3B). This analysis also implicated 7br1, Calb1, and Gad?Z, all direct targets of
NPAS3. Although a number of known neurogenesis genes are also regulated by NPAS1
(Tables S1 and S7 in Supplement 2), only one cluster of neurogenesis genes was identified
within the NPAS1 regulatory network, centered around Sema3aand connecting to the axon
guidance genes Plxnal, Plxna4, Slitl, and S/it3 (Figure 3C). See Supplement 1 for further
details.

Comparison of Transcriptional Regulation in Mouse and Human

We compared our results in murine hippocampus with expression data from human
hippocampus to explore the degree to which putative regulatory relationships were
conserved across species. We used postmortem hippocampal expression data from
BrainSpan (www.brainspan.org) from 18 postnatal individuals (age 1-40 years, mean age 18
years) and computed the Pearson correlation of human NMPASZ and NPAS3 expression to the
human orthologs of their respective regulatory targets identified in our analysis. In the
process, we unexpectedly uncovered an apparent transition of NPAS1 from transcriptional
repressor in mouse to transcriptional activator in human. Specifically, when examining the
directionality of NPAS1 regulation in mouse hippocampus, we found that NPAS1 targets
were positively coexpressed (with Ajpas) with increasing regulatory status (Figure 4A). By
contrast, NPASL1 regulation in human hippocampus showed increasingly negative
coexpression with increasing regulatory status (Figure 4B), indicating a transcriptional
repressor function in humans. In both species, however, we observed consistently positive
correlation of directionality of NPAS3-target coexpression (Figure 4C, D), indicating
preservation of a transcriptional activator role of NPAS3 in mouse and human.

Enrichment of Genetic Burden for Schizophrenia and Intellectual Disability Among
NPAS1/3 Targets

We next investigated whether human orthologs of NPAS1/3 regulation showed enrichment
of genes linked to neuropsychiatric conditions. A positive finding in this analysis would
demonstrate that NPASI and NPAS3 are major genetic risk factors for neuropsychiatric
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disease by mass dysregulation of individual risk factors. We focused on schizophrenia,
autism spectrum disorder, and intellectual disability, which are currently the most genetic
data—rich neuropsychiatric conditions. Literature analysis of gene cocitation with
“schizophrenia,” “autism,” or “intellectual disability” indicated significant enrichment
among NPAS3 target genes, even after accounting for baseline enrichment of “brain genes”
(Figure 4E, F and Table S9 in Supplement 2). We followed this with direct testing of genetic
burden among regulatory targets of NPAS1/3. Significantly increased burden of predicted
damaging variants in probands with schizophrenia compared with control subjects was seen
for both NPAS1 and NPAS3 targets (NPASL1 direct targets, OR = 1.36, p =.03; all NPAS1
targets, OR = 1.2, p=.03; NPAS3 direct targets, OR = 1.18, p= 004; all NPAS3 targets, OR
= 1.0, p=.41) (Figure 4E). By contrast, no excess burden was found in probands with
autism spectrum disorder compared with unaffected siblings (OR = 0.82-0.95, p = .82-.88).
With respect to intellectual disability, NPAS1 targets were not significantly enriched for
nonsilent de novo variants in probands with intellectual disability (all targets, OR = 1.8, p=.
16; no hits in NPAS1 direct targets) (Figure 4F), while NPAS3 targets were significantly
enriched as a whole (OR = 1.95, p=.03) and to greater extent when considering direct
targets only (OR = 3, p=.007). Finally, we assessed NPAS1/3 targets for enrichment of
genes implicated in a recent large-scale study of common variation in schizophrenia (39).
Notably, nine NPASL targets (OR =4, p<.001) and 10 NPAS3 targets (OR =1.4,p =.2)
were implicated as schizophrenia genes in this study. These findings suggest a role for
NPAS1/3 regulation in schizophrenia and for NPAS3 regulation in intellectual disability.

NPAS3 Regulates Notch, Fragile X Mental Retardation Protein, and Ubiquitin-Protein
Ligase E3A Signaling Pathways

RNA-seq and ChlP-seq analyses identified three prominent regulators of neuronal function
as direct NPAS3 transcriptional targets: Nofch1/2, Fmrl, and Ube3a. \We therefore examined
the extent to which each pathway was dysregulated in the brain as a result of Ajpas3
knockout, using both WT and NPAS1-deficient hippocampus as controls.

In NPAS3-deficient mice, we observed increased messenger RNA (mMRNA) expression of
Notch1 and Notch2but not Notch3 or Notch4. \Western blotting confirmed upregulation of
both Notchl and Notch2 receptors in NPAS3-deficient hippocampus, relative to WT and
NPAS1-deficient hippocampus (Figure 5A), indicating that NPAS3 directly represses their
expression. Coincident with increased Notchl and Notch2 expression, we also observed
increased expression of downstream signal transducer and activator of transcription 6 and
hairy and enhancer of split-1 proteins (Figure 5A). Consistent with this observation,
comparison of our regulated genes with previously published Notch-regulated genes (40)
suggests a broad increase in Notch signaling in Ajpas3/~ mice (OR = 1.6, p =.007).

Western blotting showed approximately 50% reduction of fragile X mental retardation
protein (FMRP) in Ajpas3™'~, relative to WT and Ajpas1~/~ (Figure 5B), confirming RNA-seq
observations. Furthermore, FMRP-deficient mice have lower levels of postsynaptic density
protein 95 (PSD-95) (41), and we observed lower levels of PSD-95 in NPAS3-deficient
hippocampal tissue as well, compatible with decreased levels of FMRP (Figure 5B). FMRP
also regulates expression of other postsynaptic density proteins, and FMRP-deficient mice
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express higher levels of SAP90/PSD-95-associated protein 2 and SAP90/PSD-95-associated
protein 3 as well as Shank1 and the NR1 and NR2B subunits of A~methyl-D-aspartate
glutamate receptor (42). Examination of protein levels from NPAS3-deficient tissue showed
a similar selective increase, relative to WT and NPAS1-deficient tissue (Figure 5B). Finally,
FMRP-deficient mice have altered levels of a-calcium-calmodulin-dependent kinase Il
mRNA but normal protein levels (43), and this same pattern of protein expression was
confirmed in Ajpas3”~ (Figure 5B). Taken together, NPAS3 is a transcriptional activator of
Fmr1, and analysis of downstream events normally mediated by FMRP shows that NPAS3-
deficient mice display a similar pattern of changes normally seen with FMRP deficiency.
Thus, the FMRP system is under broad regulatory control by NPAS3.

We also identified Ube3aas a direct NPAS3 target, and Western blotting demonstrated 50%
decrease in ubiquitin-protein ligase E3A (UBE3A) protein expression in NPAS3-deficient
hippocampus, relative to WT and NPAS1-deficient hippocampus (Figure 5C). Subsequent
Western blotting of hippocampal total protein with anti-ubiquitin antibody showed an
approximately 45% decrease in ubiquitination across the proteome of Ajpas3/~
hippocampus relative to WT and AjpasZ~~ (Figure 5C). The neuropathology of Angelman
syndrome is related to UBE3A regulation of the development of excitatory synapses, largely
by controlling degradation of both activity-regulated cytoskeleton-associated protein (44)
and Ephexin-5 (45). Disruption of UBE3A function in neurons leads to increased activity-
regulated cytoskeleton-associated protein expression, precipitating dysregulation of alpha-
amino3-hydroxy-5-methyl-4-isoxazole propionic acid receptor expression at excitatory
synapses (44), and Ephexin-5 must also be degraded for proper balancing of excitatory
synapse development in the maturing brain (45). Here, investigation of activity-regulated
cytoskeleton-associated protein and Ephexin-5 proteins by Western blot showed an almost
twofold increase in NPAS3-deficient hippocampus relative to WT and NPAS1-deficient
hippocampus (Figure 5C), as expected with impaired ubiquitination. Thus, NPAS3 directly
regulates Ube3a and its downstream effects in ways that are likely to influence intellectual
capacity.

DISCUSSION

Although NPAS1 and NPAS3 are important TFs linked to normal and pathologic functioning
of the brain, their gene and pathway regulatory targets have been unclear. We therefore
conducted an unbiased, in vivo investigation of the NPAS1/3 regulatory program through
RNA-seq, ChlIP-seq, and network analysis of NPAS1- and NPAS3-deficient hippocampus.
We showed that regulatory targets of NPAS1/3 are significantly enriched for genes related to
neuronal processes, and we confirmed regulation at the protein level of key genes related to
postnatal hippocampal neurogenesis that are reciprocally regulated by NPAS3 and NPAS1.
We also identified NPAS1/3 DNA binding sites that are proximally enriched to their
respective differentially expressed genes, demonstrating an important correlation between
RNA-seq and ChlP-seq data. A vast majority of the regulated genes we found are novel
observations, though we also confirm known regulatory relationships, such as
downregulation of Re/nin NPAS3-deficient hippocampus (22).
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In this rich data set, several notable patterns emerge. First, we have established conservation
of regulatory relationships among orthologous target genes in the human hippocampus,
underscoring the utility of mouse models of neuropsychiatric disease related to these TFs.
Previous in vitro work has described NPASL1 as a transcriptional repressor (34), and our
finding that most of the direct targets of NPASL in the mouse brain were actually
downregulated in NPAS1-deficient mouse hippocampus seems to contradict that finding.
However, the previous in vitro study (34) used a combination of human and murine cell
lines, and most of the expression evidence was derived from experiments conducted with
human cells. This is important, as we have now identified discordance between mouse and
human in terms of the direction of coexpression of NPAS1 and its targets. In mouse brain,
Npas1is positively coexpressed with its regulated genes, whereas this trend in reversed in
the human brain, with NPASI showing negative coexpression with orthologous targets. This
suggests that somewhere between mouse and human lineage, NPAS1 maintained its
regulatory targets as it transitioned from transcriptional activator to repressor. By contrast,
Npas3 shows positive coexpression with its targets in both mouse and human. These
findings speak to the evolution of these TFs and provide important considerations for how
these mouse models relate to the human condition. The divergence of NPAS1 between
mouse and human as well as its regulatory and phenotypic consequences will be the subject
of further study. Indeed, it is important to note that the results presented here represent only
a single snapshot in time of what NPAS1 and NPAS3 are doing in a single region of the
brain. Many TFs act as both a repressor and an activator under different conditions at
different promoters, and as such the function of NPAS1 and NPAS3 under different
conditions throughout the brain will be an important area of future investigation.

Network analysis revealed key neurobiologic pathways directly regulated by NPAS1/3. One
of the most salient findings is that NPAS3 represses expression of Notch1 and Notch?.
Notch signaling inhibits hippocampal neurogenesis (46), and suppression of Notch signaling
initiates latent neurogenic programs in astrocytes (47). The NPAS3 regulatory network is
particularly densely connected around Notfchl and Notch2, with many of the neighboring
genes previously implicated in neurogenesis. The Notch ligand JagZ is also transcriptionally
repressed by NPAS3, while the Notch ligand Cnitni (48) is transcriptionally activated by
NPAS3. Furthermore, Mib1, which promotes Notch endocytosis, and Adam10, which
cleaves Notch, are both transcriptionally activated by NPAS3.

The Fmrl pathway is also regulated at multiple levels by NPAS3. Fmr1, which itself
regulates many neuronal genes through its protein product FMRP, is a direct transcriptional
target of NPAS3 and thereby downregulated by its loss. There is significant overlap of genes
directly regulated by both NPAS3 and FMRP (OR = 3.6, p=7 x 10715 60 genes) (Table
S10 in Supplement 2). NPAS3+FMRP-regulated genes are especially vulnerable to loss of
NPAS3 through a multiple-hit mechanism that disrupts transcriptional regulation (via loss of
NPAS3), mRNA stability and localization (via downregulation of FmrI), and translational
regulation (via downregulation of Fmri). While Fmr1 and its protein product FMRP have
traditionally been associated with translational regulation, previous work has also
demonstrated that FMRP affects stability of its mRNA targets (41). This may account for
some of the apparent transcriptional repression we observe of genes that are known targets
of FMRP but not direct targets of NPAS3 (7= 52). Genes involved in synaptogenesis and
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synapse maintenance, including Nrxnl, ShankZ2, Syni, and Syt1, are also disproportionately
affected by disruption of the NPAS3/FMRP regulatory axis (NPAS3+FMRP targets are
enriched for synaptic localization; OR = 12, p= 6.8 x 10722), Table S10 in Supplement 2
contains a complete list of target genes coregulated by NPAS3 and FMRP.

The Angelman syndrome gene, Ube3a, was also found to be a direct target of NPAS3,
suggesting a further role for NPAS3 in synapse development and maintenance. We observed
that loss of NPAS3 results in downregulation of Ube3a and that Arc, a target of Ube3a at
transcriptional (49) and protein levels (44), is upregulated by loss of NPAS3. As Arcwas
found to be an indirect target of NPAS3, its observed upregulation may result from
attenuated UBE3A levels. Indeed, the direction of regulation is consistent with previous
work showing that loss of UBE3A results in increased Arc expression (49).

Examination of orthologous human genes showed a role for NPAS1 and NPAS3 regulation
in schizophrenia and for NPAS3 in intellectual disability. While NPAS3 has been repeatedly
demonstrated to be a risk gene in major mental illness, comparable evidence for disease
associations with NPAS1 is lacking. This may be partly explained by the fact that NPAS3is
over an order of magnitude longer than NPASZ (865 kb vs. 25 kb) and thus has greater
opportunity for sustaining mutations. However, our findings suggest that the more
pronounced disease relevance of NPAS3 may also be due to its more extensive regulation of
transcription compared with NPASL, as loss of NPAS3 perturbs approximately threefold
more genes than loss of NPAS1. Furthermore, we observed nearly twice as many NPAS3
genomic binding events than for NPAS1. Although NPAS1 and NPAS3 regulate many of the
same processes, NPAS3 has a substantially broader reach in the adult hippocampus in
regulation of transcriptional pathways known to affect brain development and function.
Consequently, loss of NPAS3 would be predicted to have far more drastic consequences than
loss of NPASL.

Finally, a large-scale human genetic study found an association between educational
attainment, a proxy for cognitive ability, and three NPAS1/3 targets: 7br1, Nbea, and Mef2c
(50). This study put forth only 15 genes as the most robust candidates, so the occurrence of
these three NPAS3-regulated genes, two of which are also NPASL targets (Nbea and Mef2c),
is remarkable (NPAS3 targets, OR = 3.6, p=.07; NPASL targets, OR = 6, p=.05).
Altogether, our results provide fundamental insight into how NPAS3, one of the most rapidly
evolving human genes, and the related gene NVPASI shape brain development and function
by controlling key neuropsychiatric pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Neuronal PAS domain protein (NPAS) 1/3-regulated transcripts are enriched for functions

related to neurogenesis. (A) Hippocampal expression patterns of 1491 significantly regulated
transcripts across 30 wild-type (WT), ApasZ™~, and Ajpas3~'~ mice. (B) Of 93 transcripts
regulated by NPAS1/3, most (71) were downregulated by the absence of these transcription
factors. (C, D) Western blotting and densitometry analysis showed that expression of
neurobeachin (NBEA), cannabinoid receptor 1 (CNR1), neuronal pentraxin receptor
(NPTXR), MKL/myocardin-like 2 (MKL2), and microtubule-associated protein 2 (MAP2)
is reciprocally regulated by NPAS1/3. Ryanodine receptor 2 (RYR2) did not achieve
significance but trended in the expected direction. Bone morphogenetic protein—binding
endothelial regulator (BMPER) did not achieve significance in either condition and did not
trend in the expected direction. The expression of interferon induced protein with
tetratricopeptide repeats 2 (IFIT2) was significantly repressed in both Ajpasz~/~and
Npas3!=.*p< .05, **p< .01, ***p< .001 vs. WT. n= 6 (WT), 7(Apasz"), and 4
(Npas3 ).
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Chromatin immunoprecipitation (ChIP) sequencing peaks are associated with differentially
regulated transcription. (A) Sequencing coverage of neuronal PAS domain protein (NPAS) 1
(blue) and NPASS3 (gold) ChIP sequencing peaks that pass criteria (see Methods and
Materials) is shown within 1-kb windows centered around the peak summit. The peaks
disappear only when the respective transcription factor is knocked out, emphasizing the
specificity of these binding events. (B) We discovered 7183 NPAS1 peaks and 12,914
NPAS3 peaks, and of those, 347 and 1697 tagged the respective significantly differentially
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regulated transcripts as the closest genome feature. (C) NPAS3 regulated 1141 transcripts
(461 of them direct targets with proximal ChIP sequencing peaks upstream or within the
gene body), nearly three times the number of NPAS1-regulated transcripts (443—140 of
those direct NPAS1 targets). (D) NPAS1 peaks were significantly enriched upstream of
Npasi™~-regulated transcripts and significantly depleted downstream. (E) Similarly, NPAS3
peaks were significantly enriched upstream of Ajpas3 ~-regulated transcripts and depleted
downstream. In addition, NPAS3 peaks were significantly enriched within the gene bodies of
regulated transcripts. (F) When considering the distance between the transcription start sites
(TSS) of all transcripts and the nearest NPAS1 peak (using a transcript-first approach, in
contrast to the peak-first analysis in D and E), we observed modest enrichment of regulated
transcripts at ,<30 kb (orange points and bars indicate significance at p < .05 by Fisher’s
exact test). (G) In contrast, we see broad enrichment of Ajpas3~ ~-regulated transcripts for
NPAS3 peaks up to 290 kb from the TSS. enr., enrichment.
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Regulatory network hubs are related to neurogenesis. (A) The most prominent neuronal PAS
domain protein (NPAS) 3 network module centered around Nofch1/2 and Jag1, implicating
the Notch signaling pathway. (B) A distinct NPAS3 network module, centered around reelin.
(C) The most significant concentration of neurogenesis-related genes in the NPAS1 network
centered around Sema3aand implicated axon guidance as being under the control of
NPASLI. coef., coefficient; diff., differential; WT, wild-type.
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Conservation and divergence of regulatory relationships between mouse and human and
relevance of regulatory targets to human mental illness. (A) Neuronal PAS domain protein
(NPAS) 1 targets showed increasing coexpression with AjpasZ in agreement with regulatory
status, suggesting an activating relationship in mouse. (B) Human postmortem hippocampal
expression data showed increasingly negative coexpression with NPASZ with increasing
regulatory status, suggesting that NPAS1 acts predominantly as a repressor in humans. (C,
D) NPAS3 showed conservation of its role as a transcriptional activator in mouse and
human, with targets showing increasing coexpression. (E) Enrichment of genes implicated
by literature or genetic association in autism spectrum disorder (ASD), intellectual disability
(ID), or schizophrenia (SZ) among NPASL targets. (F) Enrichment of genes implicated by
literature or genetic association in ASD, ID, or SZ among NPAS3 targets. Mp< .1; *p < .05;

**p<.01; ***p<.001. GWAS, genome-wide association study.
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Figureb.
Neuronal PAS domain protein (NPAS) 3 regulates the major neuronal molecular networks of

Notch, fragile X mental retardation 1, and ubiquitin-protein ligase E3a. (A) NOTCH1/2
receptors and their downstream targets such as signal transducer and activator of
transcription 6 (STAT6) and hairy and enhancer of split-1 (HES1) are upregulated in the
hippocampus of NPAS3-deficient mice relative to wild-type and NPAS1-deficient mice. (B)
NPAS3-deficient mice have lower levels of fragile X mental retardation protein (FMRP) and
show altered expression of postsynaptic density protein 95 (PSD-95), NR1, and NR2B,
consistent with expression pattern of FMRP-deficient mice. (C) Ubiquitin-protein ligase
E3A (UBE3A), direct target of NPAS3, is decreased in NPAS3-deficient mice, whereas its
target proteins, including activity-regulated cytoskeleton-associated protein (ARC) and
Ephexin-5, are upregulated in the hippocampus of NPAS3-deficient mice relative to wild-
type and NPAS1-deficient mice. Total ubiquitination is reduced in the proteome of NPAS3-
deficient mice. *p < .05, **p< .01, ***p < .001 vs. wild-type. n= 6 (wild-type), 6 (NpasI
knockout), and 5 (Apas3 knockout). a-CamKIl, a-calcium-calmodulin-dependent kinase I1;
SAPAP2, SAP90/PSD-95-associated protein 2; SAPAP3, SAP90/PSD-95-associated protein
3.
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