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Background: The pathophysiology of schizophrenia, a major psychiatric disorder, remains elusive. In this
study, the role of peroxisome proliferator-activated receptor (PPAR)/retinoid X receptor (RXR) families,
belonging to the ligand-activated nuclear receptor superfamily, in schizophrenia, was analyzed.
Methods: The PPAR/RXR family genes were screened by exploiting molecular inversion probe (MIP)-based tar-
geted next-generation sequencing (NGS) using the samples of 1,200 Japanese patients with schizophrenia.
The results were compared with the whole-genome sequencing databases of the Japanese cohort (ToMMo)
and the gnomAD. To reveal the relationship between PPAR/RXR dysfunction and schizophrenia, Ppara KO
mice and fenofibrate (a clinically used PPARx agonist)-administered mice were assessed by performing
behavioral, histological, and RNA-seq analyses.
Findings: Our findings indicate that c.209—2delA, His117GlIn, Arg141Cys, and Arg226Trp of the PPARA gene
are risk variants for schizophrenia. The c.209-2delA variant generated a premature termination codon. The
three missense variants significantly decreased the activity of PPARw as a transcription factor in vitro. The
Ppara KO mice exhibited schizophrenia-relevant phenotypes, including behavioral deficits and impaired syn-
aptogenesis in the cerebral cortex. Oral administration of fenofibrate alleviated spine pathology induced by
phencyclidine, an N-methyl-p-aspartate (NMDA) receptor antagonist. Furthermore, pre-treatment with feno-
fibrate suppressed the sensitivity of mice to another NMDA receptor antagonist, MK-801. RNA-seq analysis
revealed that PPARw regulates the expression of synaptogenesis signaling pathway-related genes.
Interpretation: The findings of this study indicate that the mechanisms underlying schizophrenia pathogene-
sis involve PPARa-regulated transcriptional machinery and modulation of synapse physiology. Hence, PPARx
can serve as a novel therapeutic target for schizophrenia.
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1. Introduction

Peroxisome proliferator-activated receptor (PPAR) and retinoid X
receptor (RXR) belong to the nuclear receptor superfamily. They
function as transcription factors [1] by binding to the ligands, such as
fatty acids and their derivatives [2, 3]. PPARs and RXRs share a basic
molecular architecture: a DNA-binding domain (DBD), a C-terminal
ligand-binding domain (LBD), and two transcription activation func-
tion motifs (N-terminal ligand-independent AF-1 motif and C-
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Research in Context

Evidence before this study

Our recent study has revealed that dietary deprivation of poly-
unsaturated fatty acid (PUFA) during gestational and early post-
natal stages in mice elicited schizophrenia-like behavioral
phenotypes in its offspring at adulthood. Additionally, we have
revealed that the nuclear receptor RXR (retinoid X receptor)/
PPAR (peroxisome proliferator-activated receptor) system acts
as an upstream mechanism linking PUFA deficiency and the
behavioral phenotypes via controlling expressions of schizo-
phrenia-relevant genes. Nevertheless, whether PPAR/RXR is
involved in the pathophysiology of schizophrenia remains an
open question.

Added value of this study

We showed that PPARA variants identified in schizophrenia sig-
nificantly decreased activities of PPAR« as a transcription factor
when compared to that of the wild-type in vitro. Newly gener-
ated Ppara KO mice exhibited a deficit in the sensorimotor gat-
ing function of the brain, and the schizophrenia-related
histological abnormalities. And RNA-seq analysis revealed that
PPARa regulates the expression of synaptogenesis signaling
pathway-related genes. Moreover, a treatment of mice with the
PPAR« agonist fenofibrate alleviated spine pathology induced
by phencyclidine (PCP), a schizophrenia-mimetic drug, and
reduced a sensitivity to MK-801, another hallucinogenic drug.

Implications of all the available evidence

This study indicates that the mechanisms underlying schizo-
phrenia pathogenesis involve PPARx-regulated transcriptional
machinery and modulation of synapse physiology. In addition,
PPARw can serve as a novel therapeutic target for schizophrenia.

terminal ligand-dependent AF-2 motif). PPARs function as a tran-
scription factor by forming heterodimers with RXRs. The PPAR/RXR
heterodimers regulate target gene expression by binding to the cis-
elements called PPAR response elements (PPREs) in the promoter
regions of target genes [4-6].

The PPAR/RXR complexes, which are reported to regulate lipid
metabolism in the liver, are therapeutic targets for metabolic disor-
ders, such as hyperlipidemia. These genes are also expressed in the
brain [7-9] and have the following known function: 1) RXRy acceler-
ates remyelination [10-13], 2) PPARy mediates neuroprotection [14-
18], 3) PPARx and PPARy modulate synaptic plasticity [19], and 4)
PPAR and RXR stimulate the proliferation and differentiation of neu-
ral cells [20-23].

Multiple human studies have suggested that PPAR and RXR are
implicated in mental disorders, including schizophrenia. Reduced
expression of RXRA and PPARA was observed in the hair follicle
cells from individuals with schizophrenia [24]. Although common
variants in the PPARA, RXRA, or other PPAR/RXR genes did not
show any genetic association with schizophrenia in genome-wide
association studies (GWAS), the variants in PPARA and RXRA genes
showed methylation quantitative trait loci (meQTL) effect in the
prefrontal cortex [25]. In addition, in the postmortem brain and
erythrocyte membranes of the patients with schizophrenia, the
composition of polyunsaturated fatty acids (PUFAs), known as
endogenous ligands, for PPAR/RXR, has been changed [26, 27].
PUFAs in the erythrocyte membranes are associated with the clin-
ical symptoms in individuals at ultra-high risk for psychosis [28].
Furthermore, n-3 PUFA supplementation has been reported to

prevent the transition to psychosis in individuals at ultra-high
risk for psychosis [29, 30].

Some animal studies have indicated the potential role of PPAR and
RXR genes in the pathogenesis of mental disorders. We have previ-
ously shown that the gestational and early postnatal dietary depriva-
tion of PUFAs elicited schizophrenia-like molecular, cellular, and
behavioral phenotypes in mouse offspring at adulthood [24]. These
prodromal phenotypes of schizophrenia resulting from the dysregu-
lated transcription of neurodevelopment-related genes are accompa-
nied by reduced expression of Ppara (encoding the PPARx subtype)
and Rxra (encoding the RXRa subtype) genes in the mouse cortex
[24]. Moreover, Ppara-deficient mice have shown repetitive behavior
and cognitive inflexibility [31], and altered sleep profiles when sub-
jected to dietary restrictions [32]. Furthermore, the role of Ppara in
hippocampal synaptogenesis also suggests its potential role in neuro-
nal function [19, 33].

In the present study, we further tested the role of RXR/PPAR path-
way in schizophrenia pathogenesis. To this end, we first resequenced
the RXR/PPAR genes in 1200 Japanese individuals with schizophrenia
to identify loss-of-function (LoF) variants. We identified multiple var-
iants in PPARA and further validated them by using molecular biology
approaches. To corroborate the findings in human samples, we pre-
pared Ppara KO mice and examined the phenotypes. Finally, pharma-
cological manipulation of PPARx was also explored as a potential
therapeutic strategy for schizophrenia using model animals.

2. Methods
2.1. Study approval

All the animal experimental protocols were approved by the
Ethics Committee of RIKEN (permission number: W2019-2-044).
The animal experiments were carried out in accordance with the
guidelines of the National Institutes of Health for the care and use of
laboratory animals. Human subject studies were approved by the
Ethics Committee of RIKEN (Wako 1:15-3, Wako 3 2020-09) and
experiments were conducted according to the principles of the Decla-
ration of Helsinki.

2.2. Human DNA subjects

In total, 1200 Japanese patients with schizophrenia (657 males
with a mean age of 49.1 &+ 14.0 years; 543 females with a mean age
of 51.1 &+ 14.4 years), were used for sequencing the RXR and PPAR
genes. All patients were diagnosed based on the Diagnosis and Statis-
tical Manual of Mental Disorders IV (DSM-IV) criteria, and at least
two experienced psychiatrists confirmed the diagnosis. Written
informed consent (IC) was obtained from all participants after
explaining our study protocols and purposes. All the subjects were
recruited from the Honshu area of Japan (the main island of Japan).
The patients were recruited through referrals from attending physi-
cians.

2.3. Targeted next-generation sequencing (NGS) using molecular
inversion probes (MIPs)

Genomic DNA was isolated from the blood samples collected
from human subjects using standard methods. One hundred six-
teen MIPs were designed for six genes (RXRA, RXRB, RXRG, PPARA,
PPARD, and PPARG) using MIPgen [34] (http://shendurelab.github.
io/MIPGEN/), which targeted the coding exons and flanking exon-
intron boundaries of the genes (GRCh37 build) and covered all
the known transcripts [35]. The variants identified by NGS-based
sequencing were further validated using Sanger sequencing
(Fig. 1, Fig. S1, Table S9). The detailed protocols are described in
the Supplementary information.
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Fig. 1. Workflow for the detection of mutations using molecular inversion probes (MIPs).

24. Graphical three-dimensional models

Three-dimensional models of the missense variants, based on the
crystal structures of the PPARy/RXRa heterodimer (pdb: 3e00), were
generated using SWISS-MODEL (http://swissmodel.expasy.org/). The
detailed protocols are described in the Supplementary information.

2.5. RT-PCR analysis of hair follicle samples

The hair follicle samples were collected from ethnic Japanese par-
ticipants (patient 1, woman, age 34 years; control, 3 women, mean
age 45.7 + 1.2 years). Schizophrenia was diagnosed by at least two
experienced psychiatrists using the DSM-IV criteria. Total RNA isola-
tion from the scalp hair follicle and cDNA synthesis were performed
as described previously [36, 37]. PCR amplification was performed
using the following primers: 5'-ACTCGAGGCCGGCGATCTAG-3' and 5'
ACTCGAGGCCGGCGATCTAG-3'.

2.6. Construction of plasmids

The Human Fetal Brain Marathon-Ready cDNA (Clontech, Moun-
tain View, CA, USA) was subjected to PCR amplification to obtain the
human PPARA cDNA. The PCR amplification was performed using the
following primer sets: forward, 5'-CAGGTACCACCACCATGGTGGA-
CACGGAAAGCCC-3'; reverse, 5'-CTGGATCCTCAGTACATGTCCCTGTA-
GATCTCC-3'". The amplified cDNA was cloned into the mammalian
expression vector pcDNA3 (Invitrogen) in which the expression of
the inserted cDNA is driven by the cytomegalovirus (CMV) promoter.
Conventional site-directed mutagenesis was performed to generate
the five PPARx mutant (Cys122Ser, Argl128Thr, His117GlIn,
Arg141Cys, and Arg226Trp) constructs (Table S1). The sequences of
the generated plasmids were validated using Sanger sequencing.

2.7. Cell culture and transfection

CV-1 and COS-7, cell lines derived from the kidney of a male adult
African green monkey, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Wako, Osaka, Japan) supplemented with 10% fetal
bovine serum (FBS) (SAFC Bioscience, Brooklyn, Australia), 100 U/mL

penicillin, and 100 U/mL streptomycin at 37 °C and 5% CO,. The CV-1
and COS-7 cells were transfected using Viafect (Promega, Madison,
WI, USA), following the manufacturer’s instructions. For the experi-
ments involving ligand treatment, the cells were cultured in phenol
red-free DMEM (Wako) supplemented with 10% charcoal-stripped
FBS (Biological Industries, Cromwell, CT, USA) for 24 h before and
after transfection.

2.8. Luciferase assay

The CV-1 cells were plated on 24-well cell culture plates at a con-
centration of 5 x 10% cells/well for 24 h. The cells were then tran-
siently co-transfected with 0.2 ug of Cignal PPAR Reporter construct
(QIAGEN, Hilden, Germany) and 0.4 ng of pcDNA3 WT PPARa or
PPARx variant (His117GIn, Arg141Cys, Arg226Trp, Cys122Ser,
Arg128Thr) constructs or empty expression plasmid. The Cignal PPAR
Reporter comprised an inducible PPAR-responsive firefly luciferase
reporter and a constitutively-expressed Renilla luciferase construct
(40:1). At 24 h post-transfection, the cells were lysed using Passive
Lysis Buffer (Promega). The firefly luciferase activity relative to the
Renilla luciferase activity was examined to determine the PPAR«
activity using the dual-luciferase reporter assay system (Promega)
and Lumat luminometer (Berthold Technologies, Bad Wildbad, Ger-
many). All the luciferase assays were performed at least in triplicate.

2.9. Immunocytochemistry

The COS-7 cells were cultured on the 8-well chamber plates at a
cell density of 2.5 x 10% cells/well for 24 h. The COS-7 cells were co-
transfected with 0.2 ug of pAcGFP1-C1 (Clontech) and 0.4 ug of
pcDNA3-PPARx-WT or variant expression constructs with 50 uM
WY14643 for 24 h. The cells were fixed with 4% paraformaldehyde in
0.01 M phosphate-buffered saline (PBS) for 15 min and washed with
PBS. The fixed cells were permeabilized with 0.2% Triton X-100 and
were blocked with 1% Blocking Reagent (Roche Diagnostics, Man-
nheim, Germany). The cells were then incubated with the primary
antibody against PPARx (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) for 1 h at room temperature. The cells were washed with PBS
and were incubated with the Alexa Fluor 594-conjugated secondary
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antibody. The cells were then washed with PBS and incubated with
4'.6-diamidino-2-phenylindole (DAPI, Roche) for nucleus staining.
Next, the cells mounted with PermaFluor Mountant (Thermo Fisher
Scientific, Waltham, MA, USA), and the images were captured under
an FV1000-D IX81 confocal microscope (Olympus, Tokyo, Japan). The
images were analyzed using the Image] software (https://imagej.nih.
gov/ij/).

2.10. Analysis of subnuclear localization

The fluorescence intensity of nuclei or cytoplasm was calculated
using Image] software. PPAR« signals were evaluated within the out-
line of the nuclei and cytoplasm in areas stained with DAPI and GFP,
respectively. Then, we calculated the ratio of the fluorescence inten-
sity (cytoplasm/nuclei).

2.11. Animals

The inbred C57BL/6CrICrlj (B6J) and closed colony Slc:ddY (ddY)
mice were purchased from Charles River Laboratories, Japan (Kana-
gawa, Japan) and Japan SLC, Inc (Shizuoka, Japan), respectively. The
mice were housed in groups of four or five in standard cages in a tem-
perature- and humidity-controlled room with a 12 h light-dark cycle
(lights on at 8:00). Animals had free access to standard lab chow and
water. No special environmental enrichment was provided in the
homecage. All behavioral tests were performed using male animals
between 10:00 and 18:00.

2.12. Generation of Ppara KO mouse

The Ppara-deficient mice were generated using the CRISPR/Cas9
nickase method [38-42]. For more details, see Supplementary infor-
mation.

2.13. Behavioral analyses of Ppara KO mouse

Ppara KO and control (wild-type) littermate mice aged 2-3
months were assessed in the behavioral tests. The timeline and n per
experimental factor are shown in Fig. S2.

Prepulseinhibition (PPI) test: A startle reflex measurement system
(O’Hara & Co., Ltd., Tokyo, Japan) was used to measure the ASR and
PPI of the startle response [43, 44], following a previously described
protocol [45]. A test session was comprised of 70 trials. In each trial, a
paired prepulse (0, 70, 74, 78, 82, and 86 dB[A])-pulse (115 dB[A])
stimulus or no prepulse-pulse paired stimulus was administered. The
percentage PPI was calculated as follows: {[(ASR amplitude of trial
without prepulse) — (ASR amplitude of trial with prepulse)]/(ASR ampli-
tude of trial without prepulse)} x 100. PPI background noise was
65 dB. The inter-stimulus interval was 10 to 20 s (average 15 s). The
time between the start of the prepulse and the start of the pulse was
100 ms. The duration of the prepulse was 20 ms. The duration of the
pulse was 40 ms. The number of each trial type was 10. We per-
formed three independent experiments and analyzed the data at
once.

Marble-buryingtest: The marble-burying test was performed fol-
lowing a previously reported protocol [46]. Transparent plastic cages
(196 x 306 x 166 mm; W x D x H) were filled with white paper bed-
ding material (Paperclean, Japan SLC) to a depth of 4 cm. The mice
were placed individually in the test cages for 30 min (habituation
trial) and then returned to their home cage. Next, 20 glass marbles
were evenly set on the surface of the bedding materials in the cage.
The mice were then returned to the test cage for 30 min test trial. The
number of marbles that were buried over two-thirds of their surface
area was counted. The other protocols for behavioral tests are
described in the Supplementary information.

2.14. Spine analysis

The mice were anesthetized with isoflurane and were perfused
transcardially with 4% paraformaldehyde in PBS. The brains were
excised and cut into coronal sections to a thickness of 200 pm using
a vibratome. Lipophilic dye (Dil, Invitrogen) was coated onto the
tungsten particles (1.7 wm diameter, Bio-Rad, Hercules, CA, USA).
The Dil-coated particles were delivered to the slices using a Helios
Gene Gun system (Bio-Rad). A polycarbonate filter (pore size:
8.0 um) (Beckton Dickinson, Franklin Lakes, NJ, USA) was inserted
between the gun and the preparation to remove clusters of large par-
ticles. The density of labeling was regulated by varying the gas pres-
sure (95—105 psi helium) [47]. The labeled structures were imaged
under a confocal microscope (FV1000-D IX81, Olympus). Four to five
sections/mouse were used to count the pyramidal neurons between
5.14-5.78 mm anterior to the interaural line. Pyramidal cells were
identified in their morphology and randomly selected from layer V in
the medial prefrontal cortex (mPFC). The images were captured in
045 pum steps and stacked for 3D reconstruction using Image]
(https://imagej.nih.gov/ij/) and Spiso3D (mathematical and auto-
mated software calculating geometrical parameters of spines) [48].
All protrusions along each apical dendrite were counted from sec-
ondary dendrites toward the apical tuft at approximately
50—-100 pm [49]. The spines were morphologically classified into the
following two groups: immature (filopodia + thin) and mature
(stubby + mushroom + branched) spines [50]. The analysis was per-
formed in a blind manner.

2.15. RNA-seq analysis

Comparative transcriptome analysis between the following
groups was performed using RNA-seq: Ppara KO mice (n = 6) versus
WT littermates (n = 6) or corn oil-treated mice (n = 6) versus fenofi-
brate-treated mice (n = 6). RNA-seq analysis was performed as
described previously [37, 51]. For more details, see Supplementary
information.

2.16. PPAR« agonist administration to PCP-administered mice

Six-week-old mice were administered PCP (10 mg/kg body
weight/day, i.p.) or vehicle (saline, i.p.) once daily for 2 weeks [49].
Two mouse strains (B6] and ddY) were tested. However, PCP did not
show any robust effect in B6J, including on spine morphology. Since
the ddY mice manifested clearer and more reproducible effects of
PCP administration, we used ddY mice in the current study. PCP-
administered ddY mice were treated with fenofibrate (100 mg/kg/
day, p.o.: Sigma-Aldrich, St. Louis, MO) or the vehicle (corn oil, p.o.:
Sigma-Aldrich) once daily for 4 weeks. The spines were analyzed at
the age of 12 weeks.

2.17. MK-801-induced locomotor hyperactivity test to fenofibrate-
treated mice

B6] mice were chronically treated with vehicle (corn oil, p.o.) or
fenofibrate (100 mg/kg/day, p.o.) once daily for 2 weeks (at 7-9
weeks of age). At 24 h post-last administration, MK-801-induced
locomotor hyperactivity tests were performed. For the Methods of
MK-801-induced locomotor hyperactivity test, see Supplementary
information.

2.18. Statistical analysis

The data of in vitro assays were analyzed using a Fisher’s exact
test, x? test, or a one-way analysis of variance (ANOVA), followed by
Dunnett’s test. The data of mouse experiments were analyzed using
the two-tailed Student’s t-test, the two-tailed Mann-Whitney U test,
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one-way ANOVA followed by post hoc Tukey's test, or two-way
repeated-measures ANOVA followed by post hoc Fisher’s least signifi-
cant difference (LSD) test or Bonferroni’s comparison test. The data
points with more than two standard deviations (SD) of mean were
defined as outliers and were omitted from the analysis. The differen-
ces were considered statistically significant when the p-values were
less than 0.05. All statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA).

2.19. Role of the funding source

The funders had no role in the study design, data collection, data
analysis, interpretation, or writing of the report.

3. Results
3.1. Identification of variants in the RXR and PPAR genes

The role of the PPAR or RXR genes in schizophrenia was analyzed
by examining the genetic variants in the exons and flanking intronic
regions of the six known RXR/PPAR genes (RXRA, RXRB, RXRG, PPARA,
PPARD, and PPARG). The genomic DNA samples obtained from 1200
patients with schizophrenia in the Japanese population were sub-
jected to MIP-based NGS (Fig. S1). Two hundred and twenty-nine var-
iants were identified by NGS-based sequencing. Of these, 23 non-
synonymous variants and one intronic splice acceptor site variant in
these genes were validated by Sanger sequencing (Table 1, Fig. 1). On
the other hand, 49 non-synonymous variants were identified in the
Tohoku Medical Megabank Organization (ToMMo) 3.5KJPN database
(https://ijgvd.megabank.tohoku.ac.jp/) [52-56] (Table 1), which is a
whole-genome reference panel of 3554 individuals from a Japanese
population and used as a control in this study.

We evaluated the missense variants by using the following variant
annotation tools: REVEL [57], PolyPhen-2 [58], PMut [59], PROVEAN
[60], and SIFT [61]. We defined the variants as harmful if all the tools
predicted them “deleterious” (Table S2). Four common variants
[minor allele frequency (MAF) of = 0.1%] were detected in both the
schizophrenia sample and the ToMMo database, but they were not
harmful. In addition, the allele frequencies of those four variants
were not different between the schizophrenia sample and the
ToMMo dataset (Table S3). Regarding rare variants (MAF of <0.1%),
we compared the number of harmful alleles per gene between the
patients with schizophrenia and the ToMMo samples. As a result, the
total number of harmful alleles in PPARA was significantly higher in
the schizophrenia sample than in the ToMMo samples (Table 2). The
total number of harmful alleles in other genes did not differ between
the two groups (Table 2). The harmful missense variants (His117GlIn,
Arg141Cys, Arg226Trp) and the splice acceptor site variant
(c.209-2del) in PPARA were detected exclusively in patients with
schizophrenia but not in the ToMMo cohort. In addition, the
His117GlIn, Arg141Cys, or c.209—2del variant was not detected in the
exomes of 125,748 individuals from the Genome Aggregation Data-
base (gnomAD) v2.1.1 (https://gnomad.broadinstitute.org/) [62]. The
allele frequency of the Arg226Trp was higher in the schizophrenia
sample than in the gnomAD database (Table S4), although only one
allele was found in each sample group. Therefore, we decided to focus
on the PPARA gene and its variants (those exclusively detected in
patients with schizophrenia and the Arg226Trp) in further study. The
clinical characteristics of patients harboring these variants are
described in Supplementary Material.

3.2. Splice acceptor site variant in the PPARA gene results in exon-
skipping

The PPARA c.209—-2delA variant seemed highly deleterious as the
deletion leads to the disruption of the consensus sequence of the

splice acceptor site at intron 3 (between exon 3 and 4). To test this
idea, the transcripts from hair follicle cells of the patient with schizo-
phrenia and three control subjects were analyzed with reverse tran-
scription-polymerase chain reaction. The specific primers amplified
the region from exon 3 to exon 5 (Fig. 2a and b). Products with the
size expected from the wild-type allele (358 bp) were detected in all
the samples. In contrast, a shorter product was also detected exclu-
sively in the patient sample (Fig. 2b). Direct sequencing of this frag-
ment revealed that exon 4 was skipped in the mature transcripts of
the c.209—2delA variant (Fig. 2c), which resulted in the introduction
of a premature stop codon (PTC). The truncated protein was pre-
dicted to terminate within the AF-1 domain and to lack the DBD and
LBD (Fig. 2a). The band derived from the mutant allele was weaker
than that derived from the WT allele (Fig. 2b), which suggested that
nonsense-mediated mRNA decay (NMD) eliminated the mutant tran-
script [63-65].

3.3. Decreased transcription factor activity of missense PPARx variants

The PPARx His117, Arg141, and Arg226 residues are highly con-
served among vertebrates and human PPAR subtypes (Fig. 3a). The
mutations His117GIn and Arg141Cys may affect the ability of PPARx
to bind to DNA as the His117 and Arg141 residues are located in the
zinc finger motif of the DBD (Fig. 3a, Fig. S3a-c). The Arg226 residue
was predicted to contribute to maintaining the orientation of DBD
and LBD in the heterodimer by forming a salt bridge between the
Glu203 residue in RXRa and consequently promoting intermolecular
interaction between PPARx and RXRa (Fig. 3b). The Trp226 residue
may disrupt this salt bridge as the positive charge of Arg-residue is
lost, which may lead to structural destabilization of the PPARx/RXR
heterodimer. These variants were expected to affect transcriptional
factor activities.

The effect of missense variants on the transcription factor activity
of PPAR«x was evaluated using the luciferase reporter assay. The CV-
1cells transfected with a reporter construct that harbors a luciferase
expression cassette under the control of multiple PPREs were used
for the assay. The Cys122Ser and Arg128Thr variants, which are defi-
cient in the transcription factor function [66, 67], were used as con-
trols for the assay. The overexpression of WT PPAR« significantly
increased the reporter activity (Fig. 3c). The reporter activity in the
cells transfected with the His117GIn, Arg141Cys, or Arg226Trp vari-
ant was significantly lower than that in the cells transfected with WT
PPARw (Fig. 3¢). A similar trend was obtained when the HEK293 cells
were transfected with these variants (Fig. S4a).

3.4. Enhanced extranuclear localization of PPARa variants

PPARq« is reported to shuttle between the nucleus and cytoplasm
[68]. The PPARx protein harbors two nuclear localization signals
(NLSs; NLS1 and NLS2) and two nuclear export signals (NESs; NES1
and NES2) [68] (Fig. 3a). The Arg141 residue is located within NLS1,
whereas the His117 residue is located near NES1. The Arg226 residue
is distant from NLS or NES (Fig. 3a). Therefore, the His117GIn and
Arg141Cys mutations may affect the nuclear localization of PPAR«x
and its DNA-binding ability.

To test this hypothesis, the COS-7 cells, which do not exhibit
endogenous PPARx expression, were co-transfected with the PPARx
(WT, His117GIn, Arg141Cys, Arg226Trp, Cys122Ser, or Arg128Thr)-
expressing constructs and a green fluorescent protein (GFP)-express-
ing reporter construct. Similar the luciferase assay, the Cys122Ser
and Arg128Thr variants were used as controls. The intracellular local-
ization of PPAR« in the transfected cells was examined using immu-
nocytochemistry (Fig. 3d). The His117GIn, Arg141Cys, and Arg226Trp
PPARw variants exhibited enhanced extranuclear localization when
compared with WT PPARx. However, the localization of the
Cys122Ser variant was not significantly different from that of WT
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Non-synonymous polymorphisms identified in the RXR/PPAR genes from 1200 schizophrenia and ToMMo 3.5K]JPN samples.

Gene Nucleotide change  Amino acid change =~ dbSNP ID MAF* (alternation alleles/total alleles)
Schizophrenia RXRA ¢.138G>C p.GIn46His rs1588288848 (New)  0.00042 (1/2400)
c.178G>A p.Gly60Ser rs773076567 0.00042 (1/2400)
c.188C>T p.Pro63Leu rs531899705 0.00083 (2/2400)
€.665C>T p.Ser222Leu rs139536056 0.00042 (1/2400)
¢.1094C>T p.Thr365Met rs746817210 0.00042 (1/2400)
RXRB €.292C>G p.Pro98Ala rs759432300 0.00042 (1/2400)
¢310C>T p.Pro104Ser rs201700806 0.00042 (1/2400)
c.581C>T p.Pro194Leu rs1338024369 (New)  0.00042 (1/2400)
RXRG c.185C>T p.Pro62Leu rs781134922 (New) 0.00083 (2/2400)
c.254C>T p.Ala85Val 5145797395 0.00042 (1/2400)
c.584G>A p.Arg195His 1s765348774 0.00042 (1/2400)
PPARA  ¢.209-2delA - rs1601773792 (New)  0.00042 (1/2400)
c351C>A p.His117GIn rs765089560 (New) 0.00042 (1/2400)
c418G>A p.Asp140Asn rs113379388 0.00460 (11/2400)
c421C>T p.Arg141Cys rs766370613 0.00042 (1/2400)
c.676C>T p.Arg226Trp rs1254453296 (New)  0.00042 (1/2400)
¢.680T>C p.Val227Ala rs1800234 0.05309 (121/2400)
c.1184G>A p.Gly395Glu rs200858936 0.00629 (15/2400)
PPARD  c89A>G p.Asn30Ser rs149040923 0.00042 (1/2400)
c.623C>T p.Thr208Met rs766827287 0.00042 (1/2400)
c.1144G>A p.Glu382Lys rs777270771 0.00042 (1/2400)
PPARG  ¢34C>G p.Pro12Ala rs1801282 0.03270 (76/2400)
¢.550A>G p.Lys184Glu rs1575106051 (New)  0.00042 (1/2400)
c1111G>A p.Glu371Lys rs141683496 0.00042 (1/2400)
ToMMo 3.5KJPN°  RXRA c22C>T p.Pro8Leu rs1175967955 0.00014 (1/6916)
c.68C>T p.Thr23Met 1s747209166 0.00014 (1/6898)
c.138G>C p.GIn46His rs1588288848 (New)  0.00029 (2/6900)
c.178G>A p.Gly60Ser rs773076567 0.00073 (5/68,92)
c.242C>T p.Thr81lle -¢ 0.00015 (1/6520)
c.635G>T p.Gly212val - 0.00015 (1/6892)
€.639G>C p.Lys213Asn - 0.00015 (1/6886)
€.724G>A p.Val242Met rs1383908613 0.00014 (1/6978)
¢.1094C>T p.-Thr365Met rs746817210 0.00014 (1/7022)
RXRB c44C>T p.Pro182Ser - 0.00030 (2/6696)
c.884C>T p.Ala295Val rs143679412 0.00014 (1/6938)
c907A>G p.Arg303Gly - 0.00014 (1/6944)
c403G>A p.Arg468GIn rs760368861 0.00015 (1/6860)
RXRG c.74C>T p.Thr25lle r$939696922 0.00014 (1/7078)
c112C>T p.Pro38Ser - 0.00014 (1/7084)
c.154C>T p.Ala85Val rs145797395 0.00084 (6/7102)
c.283C>A p.Pro95Thr - 0.00028 (2/7094)
€395G>A p.Gly132Glu - 0.00014 (1/7106)
c454G>A p.Gly152Arg - 0.00014 (1/7108)
c.1004G>A p.Arg335GIn rs757609630 0.00028 (2/7090)
c1157A>G p.Asn386Ser rs1339580376 0.00014 (1/7088)
¢.1280G>A p.Arg427His rs901274500 0.00014 (1/7048)
¢.1340C>G p.Pro447Arg - 0.00014 (1/6986)
PPARA  ¢29C>T p.Pro10Leu rs1401227237 0.00014 (1/6968)
c.65C>G p.Pro22Arg rs1193512118 0.00044 (3/6824)
c113C>T p.Ser38Leu rs575811356 0.00015 (1/6832)
c116A>G p.GIn39Arg - 0.00015 (1/6844)
c418G>A p.Asp140Asn rs113379388 0.00501 (35/6988)
c484C>G p.Leu162Val rs1800206 0.00014 (1/7032)
c.508G>A p.Ala170Thr r$939270657 0.00014 (1/7054)
¢.680T>C p.Val227Ala rs1800234 0.05570 (395/7092)
c1021C>T p.Arg341Cys - 0.00014 (1/7096)
c.1184G>A p.Gly395Glu rs200858936 0.00619 (44/7106)
PPARD  c.89A>G p.Asn30Ser rs149040923 0.00088 (6/6812)
c.623C>T p.Thr208Met 1s766827287 0.00028 (2/7064)
c.941G>A p.Arg314His rs767428713 0.00014 (1/7056)
c.1256G>A p.Arg419GIn rs200904269 0.00015 (1/6782)
PPARG c.34C>G p.Pro12Ala rs1801282 0.03054 (217/7106)
c43G>T p.Asp15Tyr - 0.00042 (3/7106)
c.199A>G p.Thr67Ala rs778975987 0.00014 (1/7104)
¢.205G>A p.Asp69Asn - 0.00014 (1/7108)
€.284A>G p.Tyr95Cys rs1477623791 0.00028 (2/7106)
c302G>A p.Glu101Lys - 0.00014 (1/7104)
c.676T>G p.Ser226Ala - 0.00014 (1/7080)
c.743A>G p.Asp248Gly - 0.00014 (1/7100)
c.826G>A p.Val276lle rs147996578 0.00014 (1/7100)
c.947G>A p.Arg316His 1s28936407 0.00014 (1/7098)
c1147A>G p.Ser383Gly - 0.00014 (1/7090)
c.1242A>G p.lle414Met - 0.00014 (1/7096)

2 Minor allele frequency.
> ToMMo 3.5KJPN: https://ijgvd.megabank.tohoku.ac.jp/.

€ Unregistered.
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Table 2
Number of harmful alleles per gene in schizophrenia and ToMMo 3.5KJPN.

Gene n Harmful Not harmful p-value(Fisher's
exact test)

RXRA  Schizophrenia 6 1 5 0.5211
ToMMo 3.5KJPN* 14 1 13

RXRB  Schizophrenia 3.0 3 1.0000
ToMMo 3.5K]PN 5 0 5

RXRG  Schizophrenia 4 1 3 1.0000
ToMMo 3.5KJPN 17 3 14

PPARA  Schizophrenia 3 3 0 0.0455
ToMMo 3.5K]PN 9 2 7

PPARD  Schizophrenia 3 0 3 1.0000
ToMMo 3.5K)PN 10 0 10

PPARG Schizophrenia 2 1 1 0.1250
ToMMo 3.5KJPN 14 0 14

2 ToMMo 3.5KJPN: https://ijgvd.megabank.tohoku.ac.jp/
Bold character means significant difference (p < 0.05).

(Fig. 3d and e). A similar trend was observed when the HEK293 (a
human embryonic kidney cell line) cells were transfected with these
PPARw constructs (Fig. S4b). Since PPAR« is a transcriptional factor,
decreased transcription factor activity of the PPARo mutants may be
explained, in part, by enhanced extranuclear localization.

3.5. Distribution of Ppara mRNA in the mouse brain during
neurodevelopment

To explore the biological importance of the PPARA gene in the
brain, we analyzed, using in situ hybridization, the expression pattern
of Ppara in the mouse brain at multiple neurodevelopmental stages,
critical periods associated with the susceptibility to schizophrenia
[69], and adult stage (Fig. S5a and b). The expression of Ppara peaked
at embryonic day 16.5 (E16.5) when the transcript expression was
detected in the brain with a relatively high expression level around
the ventricular zones. The expression of Ppara declined postnatally.
At the adult stage, moderate expression of Ppara was observed in the
hippocampus, mPFC, cerebellar granule cells, and piriform cortex
with faint but ubiquitous expression in the other regions. These
results indicate that PPARA/Ppara may have an important role in neu-
rodevelopment.

a
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Fig. 2. A splicing mutation in the PPARA gene

3.6. Generation and phenotype analysis of Ppara KO mice

The effects of Ppara depletion in mouse was evaluated using a
Ppara KO mouse model, which was established using the clustered
regularly spaced palindrome repeat (CRISPR)/Cas9n technology in
the genetic background of inbred B6] mice (Fig. S6a-c). The KO mice
were healthy without any visible abnormalities in growth or mor-
phology (Fig. S6d). Additionally, the blood biochemical profiles were
within the normal range (Table S5).

The Ppara KO mice were assessed through various behavioral tests
related to schizophrenia: PPI test, psychostimulant-induced locomo-
tor hyperactivity test, and sociability and cognitive tasks including
those previously conducted to evaluate the phenotypes of Ppara KO
mice [31] or Ppara expression-decreased mice [24], marble-burying,
tail suspension, and the open field tests (Fig. S2). The PPI test was per-
formed to evaluate the sensorimotor gating function, which is
impaired in patients with schizophrenia and other neuropsychiatric
diseases. The average startle response was not significant among
Ppara KO and control mice (Fig. 4a). A two-way (prepulse x genotype)
repeated-measures ANOVA demonstrated a significant difference
[genotype effect: p = 0.0475, prepulse effect: p < 0.0001, interaction
(genotype x prepulse): p = 0.6080] between the two groups. The Fish-
er's LSD post hoc test showed significant and trend differences in
Ppara KO mice (70 dB, p = 0.0365; 78 dB, p = 0.0470; 82 dB,
p = 0.0495; 86 dB, p = 0.0902) than controls (Fig. 4a). In the marble-
burying test, the number of buried marbles was significantly higher
in the KO mice than in the control mice (Fig. 4b), suggesting a higher
anxiety level in KO mice. The two genotypes did not exhibit signifi-
cant differences in other behavioral tests, including open field test,
novel object recognition test, Y-maze test, three-chamber social
interaction test, home cage activity test, tail suspension test, forced
swim test, administration of MK-801-induced locomotor hyperactiv-
ity, and sucrose preference tests (Table S6).

The postmortem brains of patients with schizophrenia and the
brains of schizophrenia model animals exhibited decreased spine
density and/or altered spine size [70-72]. To investigate the effects of
Ppara LoF on spine density, spine density was calculated from ran-
domly labeled apical dendrites in the mPFC (Fig. 4c), which exhibit
Ppara expression (Fig. S5a). Spine density was significantly lower in
the KO mice than in the control mice (Fig. 4d). Additionally, the KO
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(a) (left) Normal splicing between adjacent exons. (right) Aberrant splicing and skipping of exon due to the deletion c.209—-2delA. The deletion elicits a loss of universal splicing
acceptor consensus sequence from the transcript and consequently results in exon 4 skipping.

(b) The products of reverse transcription-polymerase chain reaction (RT-PCR) obtained from total RNA of the hair follicle cells. The smaller fragment was derived from exon 4-
excluded transcripts. cDNAs from three Japanese subjects without the same variant were analyzed as healthy controls.

(c) The small fragment was directly sequenced.
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Fig. 3. Three missense variants in the PPARA gene

(a) Schematic representation of the PPAR« protein. (upper) Amino acid sequence alignment among vertebrates and human subtypes of PPARx. Magenta characters and arrows
indicate the position of the missense mutations found in patients with schizophrenia. Black characters and arrows indicate the position of the functional mutations reported in the
previous studies [66, 67]. (lower) Amino acid sequences of NLS1 (blue square) and NES1 (orange square) of human PPAR«. Bold letters in NLS1 designate a potential bipartite basic
motif similar to the consensus binding signal for importin «.. The underline in NES1 designates a potential KXFF(K/R)R motif similar to the consensus binding signal for CRT (calreti-

culin) and a putative hydrophobic NES motif for CRM1.
(b) A salt bridge between Arg226 in PPAR« and Glu203 in RXRa.
(c) Activity of PPAR mutants as a transcription factor in the CV-1 cells.

The values represent the mean =+ standard error (n = 3/group). The data were analyzed using one-way ANOVA (p < 0.001), followed by Dunnett’s multiple comparison tests.

These results were replicated in three independent experiments (data not shown).

(d) Intracellular localization of PPAR« in the COS-7 cells was examined using the anti-PPAR« antibody under a confocal microscope. Scale bar = 10 pum.
(e) The ratio of PPAR« fluorescent intensity in the cytoplasm to that in the nuclei. The values represent the mean + standard error (n > 97 group). The data were analyzed using

a one-way ANOVA (p < 0.001), followed by Dunnett’s multiple comparison tests.

mice exhibited a decreased percentage of mature spines
(stubby + mushroom + branched) and an increased percentage of
immature spines (filipodia + thin) (Fig. 4e). We also investigated the
spine morphology of heterozygous Ppara mice. The heterozygous
mice showed decreased mature spines and increased immature
spines, but there were no changes in spine density (Fig. S7a and b).

3.7. Ppara regulates synaptogenesis signaling pathway-related genes

To identify the downstream genes of PPAR«, gene expression pat-
terns were compared by RNA-seq analyses between Ppara KO and
WT mice, and between PPARw-agonist- and vehicle-treated mice.
First, the mPFC of Ppara KO and control mice were examined by RNA-
seq analysis. Of the 12,717 mapped genes, 1930 genes were differen-
tially expressed (p < 0.05, log; [fold change| > 0.1 or < —0.1), includ-
ing 804 downregulated genes (6.3%) and 1126 upregulated genes
(11.3%), between control and Ppara KO mice (Fig. 5a). Ingenuity path-
way analysis (IPA) revealed that the differentially expressed genes
were significantly enriched in several pathways, including the synap-
togenesis signaling pathway (Fig. 5b).

Fenofibrate, a PPARx agonist, is reported to penetrate the blood-
brain barrier [73]. The effect of fenofibrate on the gene expression
profile of the brain was examined. The inbred ddY mice (aged 8
weeks) were administered a vehicle (corn oil) or fenofibrate
(100 mg/kg body weight/day, p.o. for 4 weeks). The mPFC of vehicle
and fenofibrate groups was subjected to RNA-seq. Of the 12,767
mapped genes, 2625 were differentially expressed (p < 0.05, log, |
fold change| >0.1 or <—0.1), including 1385 downregulated (10.8%)
and 1240 upregulated genes (9.73%), between the vehicle and fenofi-
brate groups (Fig. 5¢). IPA revealed that the differentially expressed
genes were enriched in the synaptogenesis signaling pathway
(Fig. 5d).

There were overlaps between the genes upregulated in the Ppara
KO mice and those downregulated in the fenofibrate-administered
mice. There were also overlaps between genes downregulated in the
Ppara KO mice and those upregulated in fenofibrate-administered
mice (Fig. 5e). The genes that fluctuate in the opposite direction
between Ppara. KO mice and PPARx activated mice might be candi-
dates for the downstream factors of PPARw. IPA revealed that these
genes were enriched in the canonical pathways, including synapto-
genesis signaling, SUMOylation, and stearate biosynthetic pathways



Y. Wada et al. / EBioMedicine 62 (2020) 103130

a b
WT (n=24
ASR (115 dB) L] O( =
oe . .K (n=38 p=00470 p=0.0495 p=0.0902
80 p=0.3050 g o g£257 L5 2L
° ° - ° . #
® 6 ° 60~ p.10036S « " ":' s °§- i 8 20 00 )
o 00 H o * o %0
3 R X a dy b g5 _°
-0 ° g 204 2 m ook fll ~ i . i £ =
. ° 2o o " &
E 090 8°°§o D; 01 I:g]* % * i o ‘:° oo 2 104 Po ©9
08,8 8 & o 2 s v s T ° : 8
s 20, ® P .. .. N 2 5.
2_ ° ? o ° ° 900 : 8
0g8 40 . - : i . 0 .
o H
° -60] WT KO
0 T -80 T T T T T (n=11) (n=15)
WT KO 701115 74/115 78/115 82/115 86/115
Prepulse/Pulse (dB)
Cc d e Filopodia + Thin ~ Stubby + Mushroom + Branched
257 100 p=0.0008
p=0.0187 = —
ol ® o
~ 00
207 .86 g 807 o=
— = [}
2E | P % g 5
23515 o = 60
o °
o9 ° o p =0.0008
2 i i pE il
06)_%- 10 g 40 o
) 2= 8
5 S 204 5 .
Q o0
: i
0 T 0 T T
WT KO WT KO WT KO

Fig. 4. Phenotypes of Ppara knockout (KO) mice

(a) Prepulse inhibition (PPI) test. The values represent the mean =+ standard error. The average of startle response was analyzed by using unpaired t-test. The PPI data were ana-
lyzed using a two-way repeated-measures ANOVA (genotype effect, p = 0.0475), followed by Fisher’s LSD test.
(b) The marble-burying test. The values represent the mean =+ standard error. The data were analyzed using unpaired t-tests.

(c) Typical images of dendritic spines in Ppara KO mice. Scale bar =1 um.

(d) Average spine density in wild-type (WT) (4 mice, ten cells) and Ppara KO (4 mice, 10 cells) mice. The values represent the mean + standard error. The data were analyzed

using the unpaired t-test.

(e) Morphological classification of spines in WT (4 mice, ten cells) and Ppara KO (4 mice, ten cells) mice. Spines were classified as immature (filopodia + thin) spines and mature
(stubby + mushroom + branched) spines. The values represent the mean + standard error. The data were analyzed using the unpaired t-test.

(Fig. 5f and g and Fig. S8a and b). Among the genes enriched in the
synaptogenesis signaling pathway, those that harbor potential PPREs
within 2000 bp upstream of the transcription start site were identi-
fied using the web tool, PPRE SEARCH (http://www.classicrus.com/
PPRE/) (Table S7). All the genes had PPREs in the promoter regions.
This indicates that these genes are potential candidates directly regu-
lated by PPARc.

3.8. PPAR« agonist is a potential therapeutic drug for schizophrenia

To examine the therapeutic effect of the pharmacological activa-
tion of PPAR« on schizophrenia, the ability of fenofibrate to mitigate
dendritic spine loss in mice treated with phencyclidine (PCP), an
NMDA receptor antagonist [49], was evaluated. The ddY mice (aged 6
weeks) were divided into the following four groups: (1) saline/vehi-
cle, (2) saline/fenofibrate (100 mg/kg body weight/day, p.o. for 4
weeks), (3) PCP (10 mg/kg body weight/day, i.p. for 2 weeks)/vehicle,
and (4) PCP/fenofibrate. The PCP-administered mice were adminis-
tered a vehicle (corn oil) or fenofibrate (Fig. 6a). The repeated admin-
istration of PCP significantly decreased dendritic spine density in the
mPFC (Fig. S9a and b) and resulted in decreased levels of mature
spines (stubby + mushroom + branched) and increased levels of

immature spines (filipodia + thin) (Fig. 6b). The chronic treatment of
fenofibrate significantly mitigated the PCP-induced decrease in the
number of mature spines (Fig. 6¢). Spine density did not significantly
differ among the groups (Fig. S9c and d).

Next, the effect of fenofibrate on the behavior of mice was evalu-
ated. The B6J mice were treated with fenofibrate (100 mg/kg body
weight/day, p.o. for 2 weeks) (Fig. 6d), and then injected with MK~
801 (0.15 mg/kg, s.c.), an NMDA receptor blocker, 24 h after the last
administration of fenofibrate. The pre-treatment of fenofibrate signif-
icantly suppressed the hyper-locomotive responses evoked by MK-
801. The data were analyzed using two-way (drug x time) repeated-
measures ANOVA (drug effect: p = 0.0054, time effect: p < 0.0001,
interaction: p < 0.0001), followed by analyses of the total locomotor
activity during each section using an unpaired t-test (p = 0.0054)
(Fig. 6e and f).

The severe side effects of fenofibrate include rhabdomyolysis and
pancreatitis. However, the analysis of blood biochemical parameters
in this study revealed that the levels of creatine phosphokinase
(CPK), amylase, and other biochemical markers were within the nor-
mal range in the fenofibrate-administered mice under the assay con-
ditions (8-week-old B6] mice, 100 mg/kg body weight/day, p.o. for 2
weeks) (Table S8).
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Fig. 5. RNA-seq analyses of Ppara KO mice and fenofibrate-administered mice.

(a) Pie chart showing the distribution of the number of genes that are differentially expressed between WT and Ppara KO mice.

(b) The top five canonical pathways in which the differentially expressed genes (between WT and Ppara KO mice) are enriched were identified using IPA.

(c) Pie chart showing the distribution of the number of genes that are differentially expressed between corn oil- and fenofibrate-administered mice.

(d) The top five canonical pathways in which the differentially expressed genes (between corn oil-and fenofibrate-administered mice) are enriched were identified using IPA.
(e) Venn-diagram (upper panel) showing shared genes among upregulated genes in Ppara KO mice and genes downregulated in fenofibrate-administered mice. Venn-diagram

(lower panel) showing shared genes among genes downregulated in Ppara KO mice and genes upregulated in fenofibrate-administered mice.
(f) Top five canonical pathways shared among Ppara KO mice and fenofibrate-administered mice.
(g) Heatmap showing genes differentially expressed in the synaptogenesis signaling pathway.

4. Discussion

In the current study, we present evidence showing the causal rela-
tionship between the dysfunction of PPAR«x and schizophrenia. The

rare PPARA variants identified in patients with schizophrenia
(His117GlIn, Arg141Cys, ¢.209—2del, and Arg226Trp) exhibited func-
tional deficits, which may contribute to increased susceptibility to
schizophrenia. The behavioral and histological defects in Ppara-
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Fig. 6. Effect of the PPAR« agonist fenofibrate.
(a) Schedule of treatment with fenofibrate.
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(b) Morphological classification of spines in saline-administered mice (4 mice, 8 cells) and phencyclidine (PCP)-administered mice (3 mice, 8 cells). The values represent the

mean =+ standard error. The data were analyzed using unpaired t-tests.

(c) Morphological classification of spines in saline/vehicle-administered mice (4 mice, 10 cells), saline/fenofibrate-administered mice (6 mice, 10 cells), PCP/vehicle-adminis-
tered mice (4 mice, 10 cells), and PCP/fenofibrate-administered mice (5 mice, 10 cells). The values represent the mean =+ standard error. The data were analyzed using one-way

ANOVA (p < 0.001), followed by Tukey'’s test.

(d) Experimental design for the MK-801-induced locomotor hyperactivity test following chronic administration of fenofibrate.
(e) Locomotor activity before and after a single injection of MK-801 (0.15 mg/kg body weight). The values represent the mean =+ standard error. The data were analyzed using

two-way repeated-measures ANOVA (drug effect, p < 0.001).

(f) Cumulative locomotor activity before and after MK-801 injection. The values represent the mean =+ standard error. The data were analyzed using unpaired t-tests.
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Fig. 7. Schematic illustration of the proposed role of PPAR« in the pathogenesis of
schizophrenia.

deficient mice were similar to those in patients with schizophrenia.
PPARw agonists, such as fenofibrate, may have a potential therapeutic
benefit for patients with schizophrenia (Fig. 7).

Accumulating evidence suggests that PPARw/Ppara plays an
important role in neurodevelopment. Ppara is highly expressed in
the mouse brain during the developmental period (Fig. S5a and b).
The orthologs of mammalian PPARx regulate the formation of neu-
rons and glial cells in the zebrafish [74]. In vitro studies showed that
PPAR« is expressed in neural stem cells, and that some PPAR« target
genes modulate cell proliferation [22, 75]. Notably, deficits in the
neurodevelopment have been established as an important risk factor
for schizophrenia [76, 77]. Collectively, these observations lead to an
attractive hypothesis that the dysfunction of PPARx may contribute
to the pathophysiology of schizophrenia through controlling neuro-
development.

The results of RNA-seq analysis present multiple possibilities on
the roles of PPARw in the pathogenesis of schizophrenia. First, the
PPARx regulates the expression of synaptogenesis signaling path-
way-related genes, including cyclic AMP response element-binding 1
(Creb1). The synaptogenesis signaling pathway-related genes harbor
potential PPREs in the promoter region (Table S7). Of them, Creb1
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was reported to be regulated by PPAR« in the hippocampus [19, 78].
Accordingly, PPARx may be involved in dendritic spine dynamics by
regulating synaptogenesis-related genes (e.g., CREB1).

Second, Sumol (encoding small ubiquitin-related modifier 1)
expression was decreased in the mPFC of Ppara KO mice (Fig. S8a).
Sumol is involved in the maturation of dendritic spines [79]. The
Ppara KO mice showed impaired spine maturation (Fig. 4e). There-
fore, PPAR« can modulate spine maturation partly via the SUMOyla-
tion pathway. Importantly, Rubio et al. [80] suggested a potential role
of PPARx in the pathophysiology of schizophrenia by regulating
SUMOylation.

Third, the expression of Slc27a4, encoding long-chain fatty acid
transport protein 4 (FATP4), was upregulated in the mPFC of the
Ppara KO mice (Fig. S8b). The upregulation of FATP4 may affect the
fatty acid composition of the brain. In fact, the altered fatty acid com-
position in the postmortem brains of patients with schizophrenia is
reported [26, 27]; therefore, PPARx can be involved in the patho-
physiology of schizophrenia via control of fatty acid transport.

In the present study, the Ppara KO mice showed a significantly
lowered PPI in the PPI test (at the prepulse levels of 70, 78 and 82)
and excessive buried marbles in the marble-burying test. Further-
more, previous studies showed that the Ppara KO mice exhibited
repetitive behavior and cognitive inflexibility [31] and altered sleep
behavior during fasting [32]. These results indicate that PPARA defi-
ciency may lead to vulnerability to schizophrenia and other mental
conditions such as autism.

Antipsychotics exert their therapeutic efficacy mainly through
dopamine D2 receptor antagonism. However, D2 receptor antago-
nists are less effective against negative and cognitive symptoms of
schizophrenia and are often associated with severe side effects. Thus,
it has been long desired to identify the therapeutic agents that show
efficacy in patients with schizophrenia through other molecular
mechanisms. In the present study, we revealed that pharmacological
activation of PPAR« rescued the endophenotypes of schizophrenia in
the mouse model.

Fenofibrate ameliorated the changes in dendritic spine morphol-
ogy in the PCP-administered mice and also prevented the MK-801-
induced locomotor hyperactivity. These effects were possibly medi-
ated by the regulation of downstream genes of PPARc, such as Creb1
and Sumol, although it is necessary to investigate the mechanism
experimentally in the future. In addition, evaluating the effect of
fenofibrate on other endophenotypes of schizophrenia will clarify
how PPARw agonists can exert their potential efficacy on schizophre-
nia. It is worth examining whether PPAR« agonists such as fenofi-
brate are effective in established genetically-manipulated animal
models (e.g., Disc1 KO mouse).

It has been reported that intervention with PUFAs, one of the
endogenous PPAR« ligands, is useful for the prevention or treatment
of schizophrenia [81, 82]. Maternal treatment with resveratrol, a
PPARx agonist derived from natural products, also prevents the
behavior associated with schizophrenia [83]. Taken together with
our current observations, these findings indicate that PPARx may
become a promising molecular target for the treatment of schizo-
phrenia. There is a need to design PPAR« agonists that can penetrate
the blood-brain barrier more efficiently in order to achieve better
treatment of schizophrenia.

The PPAR family proteins heterodimerize with the RXR family
proteins to exert their function as a transcription factor. The RXR ago-
nist, bexarotene, improves the positive and negative symptoms of
schizophrenia (NCT00535574) [24, 84]. Therefore, the combinatorial
treatment with RXR and PPAR ligands may be useful for treating
patients, especially with the decreased expression of PPARA and/or
RXRA. Since a subset of patients with schizophrenia exhibited down-
regulated PPARA and RXRA expression in the hair follicle cells [24].

There are several limitations to this study. First, the mutations in
PPARA were too rare to explain the pathophysiology of schizophrenia

as a whole. However, it should be noted that many factors can influ-
ence the activity of PPAR. It is necessary to examine the relationship
between functional dysregulation of PPAR« and schizophrenia in the
future. Second, a high dose of fenofibrate is known to cause side
effects such as rhabdomyolysis and pancreatitis [85-88]. Therefore, it
may be preferable to develop safer PPAR« agonists when considering
clinical applications. Third, the effect of MK-801 was alleviated by
fenofibrate in ddY mice, although Ppara KO on the B6] background
did not alter MK-801-induced locomotor hyperactivity. This discrep-
ancy is probably attributed to the genetic background and should be
further scrutinized.

In summary, the findings of this study indicate that the PPARx-
RXR pathway could be a novel molecular target for treating schizo-
phrenia, and will accelerate future clinical trials on schizophrenia.
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