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Abstract

Primary cilia function as cells” antennas to detect and transduce external stimuli and play crucial
roles in cell signaling and communication. The vast majority of cilia genes that are causally

linked with ciliopathies are also associated with neurological deficits, such as cognitive deficits.
Yet, the roles of cilia dysfunctions in the pathogenesis of psychiatric disorders have not been
studied. Our aim is to identify patterns of cilia gene dysregulation in the four major psychiatric
disorders: schizophrenia (SCZ), autism spectrum disorder (ASD), bipolar disorder (BP), and major
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depressive disorder (MDD). For this purpose, we acquired differentially expressed genes (DEGS)
from the largest and most recent publicly available databases. We found that 42%, 24%, 17%, and
15% of brain cilia genes were significantly differentially expressed in SCZ, ASD, BP, and MDD,
respectively. Several genes exhibited cross-disorder overlap, suggesting that typical cilia signaling
pathways’ dysfunctions determine susceptibility to more than one psychiatric disorder or may
partially underlie their pathophysiology. Our study revealed that genes encoding proteins of almost
all sub-cilia structural and functional compartments were dysregulated in the four psychiatric
disorders. Strikingly, the genes of 75% of cilia GPCRs and 50% of the transition zone proteins
were differentially expressed in SCZ.

The present study is the first to draw associations between cilia and major psychiatric
disorders, and is the first step toward understanding the role that cilia components play in their
pathophysiological processes, which may lead to novel therapeutic targets for these disorders.
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Introduction

Primary cilia are microtubule-based organelles that protrude from the surface of almost all
cell types including neurons [1-3]. Cilia, functioning as cells’ antennas, detect and transduce
external stimuli, thus playing crucial roles in cell communication and signaling. Cilia are
essential sites for the Sonic Hedgehog (Shh) signaling pathway, and therefore, play a vital
role in neurogenesis, cell differentiation, and migration [4, 5].

The sensory functions and signal transduction of primary cilia are achieved through

specific receptors and downstream signaling components including receptor tyrosine kinases
(RTK), hedgehog, WNT, ion channels, and G-protein-coupled receptors (GPCRs) [6-15].
Examples of neuronal cilia GPCRs are somatostatin receptor 3 (SSTR3), serotonin receptor
6 (5HTR6), melanin-concentrating hormone receptor 1 (MCHR1), melanocortin receptors
MC4R, and dopamine receptors (DRD1, DRD2 and DRD5), GPR88, prolactin-releasing
hormone receptor (PRLHR), and neuropeptide FF receptor 1 (NPFFR1) [6, 16-20].

Mutations or deletions of primary cilia genes cause disruptions in ciliary structure and
functions and result in neurodevelopment defects. Of the 187 cilia genes that were causally
associated with ciliopathies, several genes have been associated with neurological deficits
such as cognitive deficits [21-23].

Since primary cilia’s main function of is to receive extracellular signals, dysfunctional cilia
can cause cellular defects in response to extracellular cues. On the other hand, neuronal
GPCRs play essential roles in regulating emotions, memory, and cognition (see [24-29] for
reviews). Therefore, defects in the cilia GPCRs are expected to correlate with psychiatric
disorders
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Given the background information, our premises indicate that cilia structure/function has
critical roles in cognitive brain functions. Thus, we hypothesize that the dysfunctions of cilia
components are associated with psychiatric disorders.

In support of this hypothesis, the causative gene for the ciliopathy Joubert Syndrome, AHI1
which is involved in the ciliogenesis [30], and PCM1 and TSGA14, which are necessary

for cilia assembly, have been linked with schizophrenia (SCZ) and autism spectrum disorder
(ASD) [31-38]. Olfactory neural progenitor (ONP) cells derived from paranoid SCZ and
bipolar disorder (BD) patients display a deficit in cilia assembly and maintenance [39].

However, a comprehensive study on the conclusive role of cilia in psychiatric disorders has
never been conducted yet. Therefore, we examined here the changes in gene expression of
cilia associated proteins in four psychiatric disorders including SCZ, ASD, BP, and MDD.
We used publicly available databases of RNA sequencing (RNA-seq) and RNA-microarray
in the largest cohorts of cases and controls to acquire differentially expressed genes (DEGS)
in the four psychiatric disorders.

2. Methods

2.1. Compilation of brain cilia genes list

Genes experimentally probed and identified to be involved in cilia structure, ciliogenesis

or ciliary function were collected from different studies and databases including Nauli et.

al. [40], SysCilia Gold Standard (SCGS) version 1 database [41], CilDB database [42, 43]
and CiliaCarta [44]. Search criteria included Homo sapiens species cilia genes. CiliaCarta
database contains about 1000 putative cilia genes, including genes from Syscilia (302 genes)
and Gene Ontology (GO) annotated genes (677), with 232 genes overlapped, as well as
bayesian predictions (285 genes). Our initial list included the Sycilia and GO genes but not
bayesian predictions. GPCRs (G-protein coupled receptor) localized on cilia were acquired
from Schou et. al [45]. Ciliary evidence was then verified using CilDB. It is important

to disclose that lists of cilia genes are continuously being updated, and one will never be
‘complete’ as novel cilia genes might always be identified. Thus, our list is a working list of
cilia genes that will be updated as needed.

This list of 455 candidate ciliary genes were then compiled and further analyzed using
Genotype-Tissue Expression (GTEX) https://gtexportal.org/home/. GTEx database was
queried for cross tissue comparisons to determine each of the cilia genes’ brain location.
Cilia genes were located in the following brain regions: amygdala, caudate, cerebral
hemisphere, cortex, frontal cortex, hippocampus, hypothalamus, nucleus accumbens,
putamen, and substantia nigra and expressed as the median transcripts per million (TPM).
Cilia genes not located in the brain were removed from the list. Therefore, the final list of
cilia genes totaled 281.

2.2. Transcriptomic analysis of cilia genes in SCZ, ASD, BP, and MDD

We screened publically available datasets for gene expression of genes encoding cilia
associated proteins. We obtained the gene expression data of prefrontal cortex tissue samples
(559 SCZ, 51 ASD, 222 BP, and 936 controls) from the study of Gandal et al [46], which
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retrieved RNA-seq data from PsychEncode (PEC, Brain-GVEX study) and CommonMind
(CMC) datasets [46—49]. The DEGs data of cortical brain tissue samples (87 MDD, and
293 controls) were obtained from the study of Gandal et al [50], which performed meta-
analyses of microarray data that were obtained from the Gene Expression Omnibus (GEO),
ArrayExpress, or from the study authors directly conducted [50, 51]. Cilia differentially
expressed genes (DEGs) in SCZ, ASD, BP, and MDD (P < 0.05) were identified from

the transcriptomic data and underwent Fisher exact test to examine the enrichment of
differentially expressed cilia genes in SCZ, ASD, BP, and MDD. The overlap of DEGs
across the psychiatric disorders was computed using Fisher’s exact test. Cilia genes were
then categorized based on their localization to the cilium, including basal body, axoneme,
IFTA, IFTB, kinesin, dynein, transition zone, bbsome, golgi, nucleus, cytosol and the ciliary
membrane. If unknown, the genes were placed in one group designated as other.

3. Results

3.1. Brain Cilialist

Using SysCilia, CilDB, and CiliaCarta databases, we identified and verified 455 candidate
ciliary genes. Using GTEX, 281 genes out of these cilia genes were confirmed to be
expressed in the brain’s following regions: amygdala, caudate, cerebral hemisphere, cortex,
frontal cortex, hippocampus, hypothalamus, nucleus accumbens, putamen, and substantia
nigra. The heatmap shows GTEX expression profiles in median TPMs of the cilia genes (Fig.
1, Table S1). Genes were considered if the median TPM was greater than zero. Although
few genes had considerably low median TPMs, they were included in the list, as they are not
vastly localized in other non-brain tissues in the body.

3.2. The expressions of cilia genes are altered in psychiatric disorders

The RNA-Seq data for 268 genes of the 281 cilia genes in our compiled list were extracted
from the largest TWAS study of psychiatric disorders [46, 50]. Out of the 268 cilia genes,
113 were differentially expressed in SCZ, (48 downregulated and 65 upregulated) compared
to 7726 out of 25502 for non-cilia genes (Fig. 2a). Of these genes, 97 genes passed false
discovery rate (FDR) < 0.1, and 74 genes passed FDR < 0.05. Exact fisher analysis revealed
significant enrichment of differentially expressed cilia genes in SCZ (Odd ratio OR =

1.67, £<0.0001, Fig. 2b). Strikingly, out of the 20 known cilia-associated GPCRs, 15

were differentially expressed in SCZ. Fisher analysis of cilia GPCRs revealed significant
enrichment of cilia GPCRs in SCZ (OR: 5.35, 2= 0.0003, Fig. 2c).

Out of the 268 cilia genes, 63 genes including 3 GPCRs (39 genes downregulated and 24
upregulated), and 46 cilia genes including 7 GPCRs (13 genes downregulated and 33 genes
upregulated) were differentially expressed in ASD and BP respectively (Fig. 2d,e). Exact
fisher test revealed no significant enrichment of the cilia genes as a cluster in ASD (OR =
1.20, P=0.2) or BP (OR =0.91, A= 0.6). In MDD, 41 cilia genes including 3 GPCRs
were differentially expressed, of which 31 genes were downregulated and only 10 were
upregulated (Fig. 2f). Exact fisher test revealed no significant enrichment of the cilia genes
in MDD (OR =0.81, £=0.23).
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Several cilia DEGs overlapped across the four disorders, particularly between SCZ and each
of the three other disorders (Fig. 3a—j). Fisher exact test revealed significant DEGs overlap
between SCZ and BP (P= £=0.0009), and a trend in overlap between SCZ and ASD (P=
0.0795), and between the down regulated genes in SCZ and MDD (P = 0.07, Fig. 3a).

Approximately 50% of ASD cilia DEGs (33 genes) including all the three differential
GPCRs in ASD (MC4R, SMO, and GPR98) were also differentially expressed in SCZ (Fig.
3b). Around two-third of BP cilia DEGs (30 genes) including 6 GPCRs: MC4R, GPR83,
GPR88, NPFFR1, and P2RY 12, LPARG were differentially expressed in SCZ (Fig. 3c), and
20 MDD cilia DEGs overlapped with SCZ (Fig. 3d).

3.3. Allcilia structural and functional compartments are associated with the four
psychiatric disorders

We next identified the sub-cilia localization of cilia DEGs in the four disorders. We

found that proteins encoded by the SCZ cilia DEGs were localized in almost all cilia sub-
compartments, including the axoneme (core of the cilium), basal body, ciliary membrane
proteins, intraflagellar transport cargo (IFTA and IFTB), cytoskeletal motor proteins (dynein
and kinesin family), BBSome membrane protein trafficking complex, and the transition
zone (Fig. 4a). We found that 50% of the transition zone genes (33% upregulated and

16% downregulated), 40% of the axoneme genes, 38% of the BBSome complex genes, and
30% of the basal body genes were DEGs in SCZ. While 40% of intraflagellar complex A
(IFT-A) genes were DEGs in SCZ, only 6% of IFT-B genes displayed expression changes
(upregulation) in this disorder. Along with the in IFT-A and IFT-B gene changes, 100% of
kinesin DEGs compared with 33% of dynein DEGs exhibited upregulation. Strikingly, 75%
of cilia GPCRs exhibited altered expression in SCZ.

We found that 33% of IFT-A and 19% of IFT-B were DEGs in ASD, and that all

IFT-B DEGs exhibited downregulation (Fig. 4b). While all Kinesin DEGs displayed
downregulation, there were more upregulated dynein genes. Around 20% of genes

localized to the cilia axoneme were DEGs in ASD, of which the vast majority exhibited
downregulation. 29% of basal body genes were DEGs, and 20% of GPCRs were upregulated
in ASD.

In BP, 50% of IFT-A were DEGs (two-fold more upregulated genes than downregulated),
and 6% of IFT-B were dysregulated (all downregulated) (Fig. 4c). Aligned with these, none
of the kinesin genes and 19% dynein genes were DEGs.

In MDD, 25% of IFT-B genes, 13% of kinesin genes, 14% of dynein genes, 20% of
axoneme genes, 11% of transition zone genes, and 15% of GPCRs were dysregulated (Fig.
4d). Interestingly, 75% of genes involved in the Golgi network were downregulated in MDD.

Across the disorders, several cilia DEGs overlapped within most of the cilia structure
sub-compartments (Fig. Sla—f).
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4. Discussion

This is the first study that describes the association between the brain cilia components at the
transcriptomic and genomic and the cilia structural/compartmental level.

Despite the growing interest in cilia functions, very little is known about their potential
involvement in psychiatric disorders. Remarkably, many of the cilia genes that have been
causally associated with ciliopathies, which result in disruptions of ciliary structure and
functions, are also associated with neurological defects, such as cognitive deficits [21-23].
Yet, the roles of cilia dysfunctions in the pathogenesis of psychiatric disorders have been
largely overlooked.

Therefore, this study is the first step toward understanding the link between the
dysregulation of the components of primary cilia and four major psychiatric disorders,
namely schizophrenia, autism spectrum disorder, bipolar disorder, and major depressive
disorder.

To examine whether the cilia genes are differentially expressed and identify the patterns of
gene expression dysregulations in the four psychiatric disorders, we acquired transcriptomic
data from the largest cohorts of cases and controls [46, 50]. We show that over 40%

of the brain cilia genes are differentially expressed in SCZ, with significant enrichment

of differentially expressed cilia genes in this disorder. The dysregulated cilia genes in

SCZ encode proteins that are located in almost all cilia structural compartments including
basal body, axoneme, cytoskeletal motor proteins (dynein and kinesin family), intraflagellar
transport cargo (IFT-A and IFT-B), BBSome, and the transition zone.

Interestingly, all kinesin and kinesin-associated DEGs in SCZ were upregulated, yet most
IFT-B DEGs were downregulated. Given the crucial role of the kinesin/IFT-B system in
cilia anterograde transport, the dysregulation of this system may negatively affect base-to-tip
transport of cilia proteins particularly cilia-associated GPCRs [52]. Studies have shown that
a complete loss of any gene involved with the IFT-B complex or kinesin leads to shortening
or cilia loss [53-61]. Also, the retrograde system consisting of dynein and IFT-A was also
dysregulated, and more than 40% of dynein and IFT-A proteins, including IFT144 and
IFT140, were dysregulated. IFT-A complex is associated with dynein motor proteins, and
is required for cilia function, assembly, and trafficking within cilia [62]. Mutations in the
IFT-A complex subunits and the dynein two retrograde motor result in shortened or swollen
cilia with an accumulation of particles, including IFT-B proteins, and cause decreased
retrograde transport velocities, increased ratio of anterograde to retrograde particles, and an
accumulation of complex B proteins in the flagella [63-65]. This complex is particularly
associated with ciliary retrograde transport, and it particularly promotes the trafficking of
GPCRs [52], which were strikingly dysregulated SCZ (75% of cilia GPCRs were DEGs in
SCZz).

TULPS3, which encodes the axoneme protein TUB Like Protein 3 that interacts with IFT-A
protein (particularly IFT144) [66], is also upregulated along with IFT144 in SCZ. TULP3
and IFT-A proteins negatively regulate Hedgehog signaling in embryonic development and
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brain formation [66-68]. Therefore, TULP3/IFT-A upregulation in SCZ suggests the role of
cilia components in the abnormal neurodevelopment in this disorder [66].

The transcriptomic signature of the three other psychiatric disorders ASD, BP, and MDD
included many cilia genes. Remarkably, 60% of cilia DEGs were downregulated in ASD,
compared to only 30% in BP and 76% in MDD. The high rates of upregulated genes

and downregulated genes in bipolar mood disorders and MDD (unipolar mood disorder)
respectively are very interesting, given the similarities in the clinical presentations between
MDD and the depressive episodes in BP. The differences observed in the trends and
directions of cilia genes’ alterations in MDD and BP indicate that these two mood disorders,
albeit their similar depressive symptoms, display distinct cilia transcriptomic signatures.
These differences suggest discrete neuropathological mechanisms underlying these two
disorders, and help develop potential classification tools, which might improve diagnostic
accuracy and therapeutic precision.

Strikingly, over 50% of cilia DEGs overalp between ASD, BP, or MDD on one side

with SCZ on the other side. ADCY 3, which was largely upregulated in SCZ and BP,
exhibited downregulation in MDD [46, 50]. Such large transcriptomic cross-disorder overlap
suggests that dysfunctions of common cilia signaling pathways may partially underlie the
pathophysiology of, or determine susceptibility to more than one psychiatric disorder.
ADCY3 encodes the enzyme adenylate cyclase-3 that catalyzes the synthesis of cyclic
adenosine monophosphate. ADCY 3, known to be associated with ASD [69], was identified
by the genome wide study (GWAS) of major depressive disorder (MDD) as one of the three
top associated genes [70], and depressed patients display a reduction in platelet ADCY3
activity [71]. Interestingly, ADCY3 knockout mice exhibit depression like symptoms, more
REM sleep, smaller hippocampus, less synaptic activity in the hippocampus and impaired
sociability [72]. Another interesting cilia gene is TUBB2B, which is upregulated in SCZ,
ASD, and BP. TUBB2B encodes tubulin beta-2B chain, and the dysregulation of this

gene results in malformations of development of the cortex and basal ganglia [73-77].
These effects are thought to be caused by altering tubulin heterodimer or GTP binding,

and disrupting the interaction between microtubule polymers with associated proteins (e.g.
kinesin), ultimately leading to changes in the dynamic properties of microtubule polymers
[78, 79].

The overlap observed in cilia DEGs between the four major psychiatric disorders is aligned
with the consistent GWAS data on the shared genetic susceptibility across psychiatric
disorders [50, 80-82]. Thus, our results suggest that shared cilia-related molecular and
cellular mechanisms may partially underlie these disorders’ clinical phenotypes, particularly
since most shared cilia DEGs encode products known to interact or function in common
biochemical pathways. Our findings, however, acknowledge the need to construct new
classifications of psychiatric disorders, considering the convergence and divergence of
biological mechanisms and phenotypic presentations of these disorders.

PCM1, one of the top cilia DEGs in SCZ, has recently emerged as a credible candidate
for severe schizophrenia [83]. Missense mutation and polymorphisms of PCM1, have been
previously associated with schizophrenia [35, 84]. PCM1, which is a DISC1- interacting
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protein, is involved in the maintenance of centrosome integrity and regulation of microtubule
cytoskeleton and dopamine transmission [85-87]. Suppression of PCM1 affects neuronal
migration and plays a role in cortical development and genetic susceptibiity to schizophrenia
[88], and Pcm1*/~ mice display deficits in social interaction and show significant reduction
in brain volume [89].

The striking alterations in the expressions of GPCRs in the four psychiatric disorders,
particularly in SCZ (75% of cilia GPCRs) indicate a crucial role for the cilia GPCRs in the
pathogenesis of these disorders. Cilia-associated GPCRs regulate cilia formation, structure,
and ability to respond to external stimuli [90], and therefore, are essential for correct ciliary
signal transduction. The high “druggability” of GPCRs, and the advancements in the cilia
targeted drug delivery [91, 92] make these receptors of great interest as druggable sites,
which might lead to novel treatments and/or prevention strategies for these psychiatric
disorders.

In conclusion, we demonstrated gene dysregulations of almost all structural and functional
components of primary cilia in four major psychiatric disorders, and identify large
transcriptomic cross-disorder overlap. Our work provides strong evidence for the potential
that primary cilia have as possible pathophysiological cause or therapeutic target in
psychiatric disorders.
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Highlights

. Around 90% of cilia genes’ mutations that result in disruptions of ciliary
structure and functions and cause ciliopathies are also associated with
neurological defect, such as cognitive dysfunctions

. We demonstrate gene dysregulations of almost all structural and functional
components of primary cilia in four major psychiatric disorders:
schizophrenia, autism spectrum disorder, bipolar disorder, and major
depressive disorder

. We provide a strong evidence for the potential that primary cilia have
as possible pathophysiological cause or therapeutic target in psychiatric
disorders.
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Cerebral Amygdala Caudate Cortex Frontal Hippocampus Hypothalamus Nucleus Putamen Substantia
Hemisphere Cortex Accumbens Nigra

Figure 1. Identification of cilia gene expression across specific brain tissues in GTEX.
Heatmap of gene expressions of cilia genes in the GTEX brain tissues using median TPMs

from the GTEX dataset. Columns denote brain regions and rows represent cilia genes. Genes
are shown and categorized in median Transcripts Per Million (TPM).
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Figure 2. Cilia differentially expressed genes in SCZ, ASD, BP, and MDD

a. Volcano plot showing DEGs (P <0.05). Scattered points represent cilia genes: the x axis is
the fold change while the y axis is the -log p value. Green and red dots refer to upregulated

and downregulated genes. Genes circled in blue represent GPCRs that localize to the cilium.
b. Histogram showing the cilia genes and non-cilia genes that are differentially expressed in

SCZ; Exact Fisher test OR = 1.681, £< 0.0001.

¢. Histogram showing cilia GPCR genes and non-cilia GPCR genes that are differentially

expressed in SCZ; Exact Fisher test: OR: 6.873, A= 0.0001.
d-f. Volcano plots of cilia DEGs in (d) ASD, (e) BP, and (f) MDD.
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Figure 3. Cilia DEGs overlap across the four psychiatric disorders
a. Venn diagram conveying overlap between significant DEGs (/<0.05) within 4 psychiatric

disorders, SCZ, ASD, BP, and MDD.

b-d. Cilia DEGs genes overlapping between SCZ with (b) ASD, (c) BP, (d) and MDD.
Genes that are differentially expressed in opposing directions are denoted with a box.
GPCRs are identified by arrows.

e-g. Overlap of DEG between two disorders: (e) ASD and BP, (f) ASD and MDD, (g) BP
and MDD.

h-j. Overlap of DEG among three disorders: (h) SCZ, ASD, and BP, (i) SCZ, ASD, and
MDD, (j) SCZ, BP, MDD. The x axis shows Log2FC and along the y axis are the cilia
genes. Genes that are differentially expressed in opposing directions are denoted with a box.
GPCRs are identified by arrows.
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Figure 4. Sub-cilia localization of the genes that exhibited variants association and/or differential

gene expression in the four disorders.

a-d. Sub-cilia localization of genes that exhibited differential gene expression and/or genetic
variants in (a) SCZ, (b) ASD, (c) BP, (d) MDD. Upregulated and downregulated DEGs are

in green and red respectively.
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