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The molecular pathophysiological mechanisms underlying schizophrenia have remained unknown, and no treat-
ment exists for primary prevention.We used Ingenuity Pathway Analysis to analyze canonical and causal pathways
in two different datasets, including patients from Finland and USA. Themost significant findings in canonical path-
way analysis were observed for glutamate receptor signaling, hepatic fibrosis, and glycoprotein 6 (GP6) pathways
in the Finnish dataset, and GP6 and hepatic fibrosis pathways in the US dataset. In data-driven causal pathways,
ADCYAP1, ADAMTS, and CACNA genes were involved in themajority of the top 10 pathways differentiating patients
and controls in both Finnish and US datasets. Results from a Finnish nation-wide database showed that the risk of
schizophrenia relapse was 41% lower among first-episode patients during the use of losartan, the master regulator
of an ADCYAP1, ADAMTS, and CACNA–related pathway, compared to those time periods when the same individual
did not use the drug. The results from the two independent datasets suggest that the GP6 signaling pathway, and
the ADCYAP1, ADAMTS, and CACNA-related purine, oxidative stress, and glutamatergic signaling pathways are
among primary pathophysiological alterations in schizophrenia among patients with European ancestry. While
no reproducible dopaminergic alterations were observed, the results imply that agents such as losartan,
and ADCYAP1/PACAP -deficit alleviators, such as metabotropic glutamate 2/3 agonist MGS0028 and 5-HT7
antagonists–whichhave shownbeneficial effects in an experimentalAdcyap1−/−mousemodel for schizophrenia–
could be potential treatments even before the full manifestation of illness involving dopaminergic abnormalities.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The first effective pharmacological treatments for schizophrenia
were discovered more than 60 years ago, and ever since, all of them
have been full or partial dopamine D2-receptor antagonists. Therefore,
on the basis of the dopamine hypothesis, it was believed for decades
that the main pathophysiology underlying the clinical phenotype was
a defect in the dopaminergic system (McCutcheon et al., 2020).
roscience, Karolinska Institutet,
den.
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However, only a minority of patients reach full recovery or remission
when treatedwithmedications currently available, and, especially, neg-
ative and cognitive symptoms are commonly resistant to existing anti-
psychotic treatments (McCutcheon et al., 2020). There is increasing
evidence that, in addition to dopaminergic defects, also abnormal gluta-
matergic, GABAergic, and serotoninergic signaling, as well as inflamma-
tion and oxidative stress contribute to the pathophysiology of
schizophrenia (McCutcheon et al., 2020; Yang and Tsai, 2017).

Although large-scale genetic studies have been able to reveal hun-
dreds of gene polymorphisms associated with schizophrenia
(Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014), the attributable fraction of each gene is only a few
per mille at best, and the findings have not been able to elucidate how
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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these variants contribute to complex molecular pathways in abnormal
brain development leading to mental illness. The same applies to post-
mortem studies (Breen et al., 2019; Gandal et al., 2018; Girdhar et al.,
2018) since postmortem brain tissue is affected by treatment and
course of the illness. However, the pathophysiology of neurological
and psychiatric disorders can be modeled using human induced plurip-
otent stem cell (hiPSC)-derived neurons. So far, these studies (Brennand
et al., 2011; Tiihonen et al., 2019) have tried to identify abnormalities
related to illness by analyzing how differentially expressed genes
(DEGs) interact in established pathways such as GO and KEGG, based
on previous literature on gene functions, but no reproducible results
identifying novel potential treatments have been published using
these analyses. Ingenuity Pathway Analysis (IPA) is a data-driven
method that may increase the possibilities to detect disease-specific ab-
normalities (Krämer et al., 2014). This type of analysis was used in a re-
cent study, showing that nFGR1 signaling is a potential common
dysregulated mechanism in schizophrenia (Narla et al., 2017). Now
we used IPA in two independent hiPSC-neuron datasets as well as a na-
tional pharmacoepidemiological database in order to find potential
novel treatments based onmolecular pathways underlying schizophre-
nia, and to study whether any of these findings are consistent and
reproducible.

2. Methods

The methods were performed in accordance with relevant guide-
lines and regulations and approved by the Ethics Committee of the Hel-
sinki University Hospital District (license number 262/EO/06). All
participants provided written informed consent to take part in the
study, and gave consent to publish resultswhichdonot allow identifica-
tion of the participants (such as age, sex, and RNA levels). No identifying
information of the participants is included.

Each subject was diagnosed and assessed by a trained psychiatrist
according to the Diagnostic and Statistical Manual of Mental Disorders,
fourth edition criteria based on a structured clinical interview (see the
details in Tiihonen et al., 2019; Hoffman et al., 2017).

2.1. Pathway analysis

We applied knowledge-based Ingenuity Pathway Analysis (Krämer
et al., 2014) to investigate two published DEG datasets comparing
hiPSC-derived neurons frompatientswith schizophrenia to those of un-
related healthy individuals (Hoffman et al., 2017; Tiihonen et al., 2019).
In addition, we aimed to include a comparison of monozygotic twin
pairs discordant for schizophrenia, but this comparison yielded only
one DEG surviving correction for multiple comparisons (Tiihonen
et al., 2019), and no pathway analysis was possible. In order to have a
larger number of DEGs for pathway analysis, we made a new compari-
son with neuronal cells dissociated for final maturation from
neuroprogenitors maintained in culture for 12 weeks, including the
same five twin pairs as earlier (in the previous studies, hiPSC-derived
neuronal cells were maintained in culture for 6 (Hoffman et al., 2017)
and 10 (Tiihonen et al., 2019) weeks). In total, these datasets included
results from 37 individuals (16 patients, 16 healthy unrelated controls,
and 5 unaffected monozygotic twins). All 15 individuals included in
the Finnish dataset were Caucasian and of Finnish origin. In the US
dataset, 9 of 11 patients were Caucasian and 2 Caucasian-Hispanic,
and 5 of 11 controls were Caucasian, the rest 6 having mixed ethnicity
(Supplementary data 1, Hoffman et al., 2017). The gene expression
was studied initially in 19,462 genes in the Finnish dataset (see
Tiihonen et al., 2019) and 39,815 genes in the US dataset (see
Hoffman et al., 2017). From all three datasets, genes with a minimum
of 2-fold change in expression and adjusted p < 0.05 (232 DEGs/231
genes mapped by IPA (Tiihonen et al., 2019) for affected twin vs. con-
trols, and 356DEGs/352mapped by IPA for unaffected twin vs. controls;
new hiPSC-derived neuron data made for this work, 69 DEGs/all
34
mapped by IPA) or nominal p < 0.05 (108 DEGs/100 mapped by IPA,
Hoffman et al., 2017) were used as input for IPA core analysis, and run
with default settings against data content version 49932394 (dated
2019-11-15). In causal pathway analysis, the software used previous
knowledge on molecular pathways to identify a master regulator,
which regulated a cluster of genes via several upstream regulators.
The methodological details of canonical and causal pathways analyses
are described in Krämer et al. (2014).

DEG lists applied to IPA, and the newly produced RNA-sequencing
data are stored in University of Helsinki data cloud (https://datacloud.
helsinki.fi), accessible via the link: https://datacloud.helsinki.fi/index.
php/s/MjdMNcW2QMt7zFk.

Hoffman et al. (2017) SZ vs control DEG data of neurons was
downloaded from https://www.nature.com/articles/s41467-017-
02330-5#Sec35 (Supplementary data 8).

Note to reviewers: The above RNA-sequencing data are available in
Gene Expression Onmibus via link GSE174704, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE174704.

2.2. hiPSC cell culture work

2.2.1. hiPSC methods of previously published datasets
Details on hiPSC methods of datasets comparing patients with

schizophrenia versus healthy controls are reported on pages 8–9 in
Tiihonen et al., 2019, and on pages 11–12 in Hoffman et al., 2017; see
the links in Supplementary material.

2.2.2. hiPSC cell culture and neural differentiation in monozygotic twins
Methods of cell culturing, RNA sequencing, and DEG analysis

followed those published previously (Tiihonen et al., 2019, see the link
in Supplementary material). Briefly, hiPSCs cultured in E8 medium
(Thermo Fisher Scientific) on Matrigel–coated dishes were differenti-
ated to neurons using dual SMAD inhibitors SB431542 and
LDN193189 (Selleckchem) for 10 days. The neuroprogenitor cells
formed the spheres and were maintained in floating culture for 12
weeks instead of 10, as previously published (Tiihonen et al., 2019).
The cells were dissociated with Accutase for the final maturation in
monolayer culture for one week before RNA collection.

2.2.3. RNA isolation and transcriptomic analysis of monozygotic twins
RNA was isolated from the plated neurons by RNeasy mini kit

(Qiagen) according to the manufacturer's protocol. The Agilent 2100
Bioanalyzer confirmed the required quality of RNA before the whole
transcriptome sequencing was performed on the Illumina Hiseq 2500
by the Sequencing laboratory of Institute for Molecular Medicine
Finland FIMM Technology Centre, University of Helsinki. The sequenc-
ing data normalization and DEG analysis were performed using R pack-
age DESeq2, v. 1.16.1, as previously.

2.3. Pharmacoepidemiological analysis

We studied the risk of hospitalization due to psychosis (as indicator
for severe relapse) in a Finnish nationwide cohort of patients with
schizophrenia during use of angiotensin II receptor antagonists versus
no use of the drug within the same individuals (to eliminate selection
bias). The role of general treatment adherence was studied by investi-
gating the risk of hospitalization during use of thiazide diuretics, used
for the same somatic indication (hypertension). The details of the
method are shown in Supplementary methods and Supplementary Ta-
bles 1, 2, and 3.

2.4. Data availability

All data needed to evaluate the conclusions in the manuscript are
provided in the manuscript or the Supplementary material.
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3. Results

3.1. Pathway analysis

Table 1a shows the top 10 canonical pathways in the Finnish dataset
(Tiihonen et al., 2019) comparing patients and unrelated healthy con-
trols, and all pathways are shown in Supplementary Table 4. The most
significant pathways were glutamate receptor signaling and white adi-
pose tissue browningpathway (p=1.3×10−4 in both), thefirst involv-
ing glutamate ionotropic receptor kainate type subunit 2 (GRIK2),
glutamate receptor ionotropic NMDA2B-subunit (GRIN2), metabotropic
glutamate receptor 1 (GRM1), vesicular glutamate transporter 1
(SLC17A6), and vesicular glutamate transporter 2 (SCL17A7) genes.
The combined effect of these altered gene expressions in the glutamate
signaling pathway leads to increased postsynaptic neurotoxicity, synap-
tic plasticity, excitatory potentials, and receptor, as shown in Fig. 1a. In
the comparison between affected vs. unaffected twins in the novel
Finnish dataset (prepared for this study), the most statistically
significant canonical pathways were hepatic fibrosis/hepatic stellate
cell activation (p = 7.9 × 10−20), and glycoprotein 6 (GP6) signaling
(p = 1.3 × 10−12) pathways (Table 1b, Supplementary Table 5,
Fig. 1b). In the US dataset (Hoffman et al., 2017), the most significant
finding was observed for glycoprotein 6 (GP6, p = 3.0 × 10−6) and
hepatic fibrosis/hepatic stellate cell activation (p = 3.8 × 10−5)
a Glutamate receptor signaling pathway (t

Fig. 1. IPA canonical pathways with participating differentially expressed genes, highlighted
upregulated or downregulated, respectively, in affected compared to healthy individuals. (a)
controls from the Finnish dataset (Tiihonen et al., 2019), (b) GP6 signaling in comparison of af
signaling from the US dataset (Hoffman et al., 2017) showing the comparison of patients with
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pathways, including many same genes (Table 1c, Supplementary
Table 6, Fig. 1c).

Table 2 shows the results for the top 10 data-driven pathways,
highlighting schizophrenia-related genes, and all pathways and genes
are illustrated in Supplementary Table 4 (Finnish dataset) and Supple-
mentary Table 6 (US dataset). Both datasets included a large number
of genes linked previously with schizophrenia (see Supplementary
Table 7). In the Finnish dataset, themost significant pathwayswere reg-
ulated by P2RY11 purine receptor and losartan potassium (angiotensin
II receptor antagonist used as a treatment for hypertension), both in-
cluding several genes coding glutamate receptors and transporters
(Supplementary Figs. 1 and 2). In the US dataset, the strongest findings
were observed for pathways regulated by cytosolic phospholipase Cpla2
and the alpha-adrenergic receptor (Supplementary Figs. 3 and 4). Also
astaxanthin-regulated pathway, including CACNA1A gene was ob-
served in the US dataset (Table 2). ADCYAP1, ADAMTS, and CACNA
genes were included in most of the top 10 pathways in both Finnish
and US datasets. Still, dopamine-related genes (DRD2 and COMT) were
observed only in the Finnish dataset, and GABA-related genes
(GABRA2) only in the US dataset (Table 2, Fig. 2). Collagen genes were
included in numerous pathways in both datasets, implying abnormal
cell adhesion and extracellular matrix in schizophrenia (Su et al.,
2017). Fig. 2 illustrates the genes related to purine receptor, oxidative
stress, and glutamate receptor signaling.
he Finnish dataset)

with a violet border. Red or green color indicates that the gene or pathway member is
Glutamate receptor signaling in the comparison of affected twins vs. unrelated healthy
fected twins vs. unaffected twins in hiPSC-neuron data created for this work, and (c) GP6
schizophrenia vs. healthy individuals.
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Fig. 1 (continued).
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In the comparison between Finnish affected vs. unaffected twins, the
most significant pathway was complement C3/4 receptor-like 1 (CR1L)
regulated pathway (p = 2.6 × 10−18, Supplementary Table 5, Supple-
mentary Fig. 5). There was considerable overlap of regulated genes in
CR1L-regulated pathway and GP6 and hepatic fibrosis pathways since
the majority of GP6 and CR1L genes were included in hepatic fibrosis/
hepatic stellate cell activation pathway. Most of those common genes
coded for collagen. As can be seen in Tables 1b and 1c, the most signifi-
cant findings were seen for the same canonical pathways (GP6 and he-
patic fibrosis/hepatic stellate cell activation) in the comparison between
patients vs. controls in the US dataset, and in the comparison between
affected vs. unaffected twins in the Finnish dataset.

Supplementary Table 8 shows canonical and causal pathways for
comparison between unaffected twins versus healthy controls. As ex-
pected, the effect sizeswere smaller than in the comparison between af-
fected twins versus healthy controls. In the canonical pathway analysis,
the comparison between affected versus unaffected twins showed the
strongest finding for hepatic fibrosis and GP 6 pathways, whereas in
the comparison between affected twins versus unrelated healthy con-
trols, themost significant findingwas glutamatergic signaling pathway.
This is apparently explained by the fact that unaffected twins share par-
tially the same abnormalities as their affected twins – for example,
GRIN2B was upregulated and CACNA2D downregulated among them
when compared with healthy controls. Therefore, the glutamatergic
pathway does not show up in the comparison between affected versus
unaffected twins. This suggests that glutamatergic abnormalities are as-
sociated with the shared familiar risk among affected and unaffected
twins, and GP 6 pathway is associated with the actual clinical illness.
36
3.2. Pharmacoepidemologic analyses

Fig. 3 shows the risk of rehospitalizations due to psychosis (indicator
for severe relapse) in a Finnish nationwide cohort of patientswith schizo-
phrenia. Use of any angiotensin II receptor antagonistwas associatedwith
27% lower risk, and use of losartan with 27% (95% CI 20%–34%) lower risk
of rehospitalization due to psychosis comparedwith those timeperiods in
the total cohort when the same individual was not using the drug
(within-individual analysis). In the incident cohort of 8342 first-episode
patients with a median age of 36 years, the corresponding decrease for
losartan use was 41% (95% CI 14%–60%). The results for thiazide diuretics,
used for the same somatic indication (hypertension), indicated that the
findings were not attributable to general adherence to drug treatments.
Antipsychotic use was associated with only slightly lower (46% vs. 41%)
risk of rehospitalization than losartan use among the incident cohort,
but no beneficial outcome was observed for benzodiazepine use. The
raw data are shown in Supplementary Tables 9a and 9b.
4. Discussion

To our knowledge, this is the first study to analyze schizophrenia-
specific molecular pathways from two independent datasets, showing a
consistent overlap of altered gene expression. While glutamate receptor
signaling was highly abnormal only among Finnish patients compared
with unrelated healthy controls in the canonical pathway analysis, GP 6
and hepatic fibrosis/hepatic stellate cell activation were the most signifi-
cant pathways in the comparison between patients and healthy controls
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Fig. 1 (continued).
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in the US dataset, and in the comparison between affected and unaffected
monozygotic twins in the Finnish dataset. The finding on GP 6 pathway is
in linewith a large body of literature showing abnormalities in extracellu-
lar matrix (ECM) and perineuronal nets (PNNs) in schizophrenia
(Berretta, 2012; Wen et al., 2018). A recent study (Narla et al., 2017)
using theUS dataset found that hepaticfibrosis/hepatic stellate cell activa-
tion was the most significant signaling pathway in IPA analysis, and ECM
organization themost significant signaling pathway in Reactome analysis,
but these findings were not highlighted because the study focused on
FGFR1. ECM regulates cell migration, differentiation, neuronal plasticity,
and neurite outgrowth, and a disintegrin and matrix metalloproteases
with thrombospondin motif (ADAMTS) cleave ECM molecules for dy-
namic functional adaptations (Chelini et al., 2018). PNNs are assemblies
of extracellular glycoproteins which ensheath parvalbumin-expressing
Fig. 2. The network of differentially expressed genes in the Finnish and US datasets. Arrows in
patients with schizophrenia and healthy controls. For example, higher expression of 2PY puri
is associated with abnormal gene expressions. The Venn diagram shows the visualization of
(red) datasets. Common genes for both datasets are indicated by violet color.
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GABA interneurons, and they protect neurons from oxidative stress
(Wen et al., 2018). ADCYAP1, ADAMTS, and CACNA were involved in the
majority of the statisticallymost significant causal pathways in both Finn-
ish and US datasets. Although both dopaminergic and GABAergic genes
were expressed in both datasets, dopamine-related genes (DRD2, COMT)
contributed to the most significant pathways only in the Finnish dataset,
and GABAergic gene (GABRA2) only in the US dataset.

In the comparison between patients with schizophrenia and healthy
controls, the number 1 canonical pathway in the Finnish dataset (gluta-
mate receptor signaling, Table 1a) included 5 DEGs, 2 of which (GRIN2B
andGRM1) belong to the samegene families coding for NMDA(GRIN2A)
and metabotropic glutamate (GRM3) receptors identified in GWAS
(Pardiñas et al., 2018). In the US dataset, the number 1 canonical path-
way (GP6 signaling pathway, Table 1c) PRKD1 was one of the 6 DEGs
dicate increased (up) and decreased (down) gene expression in the comparison between
ne receptor 11 and alfa-adrenergic receptors, and lower losartan-type activity in patients
overlap of altered gene expression related to schizophrenia in the Finnish (blue) and US



Table 1a
The top 10 canonical pathways observed in the comparison between patients with schizophrenia and healthy unrelated controls in the Finnish dataset.

Ingenuity canonical pathways p-Value Z score Molecules

Glutamate receptor signaling 1.3E−04 GRIK2, GRIN2B, GRM1, SLC17A6, SLC17A7
White adipose tissue browning pathway 1.3E−04 −1.1 CACNA2D1, CACNG5, FNDC5, NPPA, PPARGC1A, PRDM16, PRKG2
Cellular effects of sildenafil (viagra) 1.4E−04 CACNG5, GPR37, KCNQ3, NPPA, PDE1A, PRKG2, SLC4A10
Dermatan sulfate biosynthesis 1.5E−04 −1.3 B3GAT1, DSEL, HS3ST1, NDST3, NDST4
Dermatan sulfate biosynthesis (late stages) 6.5E−04 −1 DSEL, HS3ST1, NDST3, NDST4
Thyroid cancer signaling 9.6E−04 CDH1, CXCL12, NTRK1, TCF7L2
Transcriptional regulatory network in embryonic stem cells 1.2E−03 EOMES, GBX2, SIX3, ZFHX3
Chondroitin sulfate biosynthesis 1.4E−03 −2 B3GAT1, HS3ST1, NDST3, NDST4
Neuropathic pain signaling in dorsal horn neurons 1.8E−03 −0.4 GPR37, GRIN2B, GRM1, KCNQ3, TAC1
Heparan sulfate biosynthesis 4.6E−03 −2 B3GAT1, HS3ST1, NDST3, NDST4

Legend: The top 10 canonical pathways observed in the comparison between patients with schizophrenia and healthy unrelated controls in the Finnish dataset (Tiihonen et al., 2019). Z
score cannot be calculated if the pathway has less than 4 genes, or sufficient information for the gene effects is not available to estimate the magnitude of the overall effect.
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contributing to the pathway, and it is also associatedwith schizophrenia
in GWAS (Pardiñas et al., 2018). ADAMTS, ADCYAP1, and CACNA were
common (shared) genes/gene families in the Finnish and US dataset
(Table 2). Of these, ADAMTS and CACNA genes are associated with
schizophrenia in GWAS (Pardiñas et al., 2018). It should be noted that
several homeostatic regulatorymechanisms tend to normalize gene ex-
pression and protein synthesis even when the gene itself is not initially
optimally functional.

The strongest genetic association with schizophrenia has been
localized in the major histocompatibility complex (MHC) locus
(Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014), and later it was shown that this association is partially attributable
to diverse alleles of the complement component (C4) genes (Sekar et al.,
2016). A recent study demonstrated that C4 variants are associated with
inflammation and excessive synaptic pruning mediated by monocytes
differentiated to microglia direction in the iPSC-derived neurons of pa-
tients with schizophrenia (Sellgren et al., 2019). In our analyses, several
pathways differentiating patients from controls included pathways re-
lated to inflammation and oxidative stress. In the comparison between
Finnish monozygotic twins discordant for schizophrenia, the most signif-
icant major regulator was complement C3b/4b receptor 1-like gene
(CR1L). So far, CR1L has been linked to Alzheimer's disease (Zhu et al.,
2015), but our results suggest that CR1L-regulated C4 activation may
also have an important contribution to the development of schizophrenia.
In the US dataset, cytosolic phospholipase 2 (Cpla2) was the master reg-
ulator for a causal pathway, including ADAMTS2 and GABRA2. Cpla2 is in-
volved in inflammatory responses, and it is increased in schizophrenia
and autism (Xu et al., 2019). The P2RY11-regulated pathway in the Finn-
ish dataset and the astaxanthin-regulated pathway in the US dataset
imply an abnormal purine-related molecular cascade underlying, which
is in line with data from small RCTs suggesting beneficial effects for
purinergic agents (Hirota and Kishi, 2013).
Table 1b
The top 10 canonical pathways in the comparison between affected and unaffected twins in th

Ingenuity canonical pathways p-Value Z
score

Genes

Hepatic fibrosis/hepatic stellate cell activation 7.9E−20 CCN2, COL12A
IGFBP3, IL1R1

GP6 signaling pathway 1.3E−12 −3.2 COL12A1, COL
Apelin liver signaling pathway 8.1E−07 −2 COL18A1, COL
Hepatic fibrosis signaling pathway 8.7E−07 −3 CCN2, COL18A
Intrinsic prothrombin activation pathway 5.9E−06 −2 COL18A1, COL
Osteoarthritis pathway 3.2E−04 −2 DCN, FN1, IL1
Atherosclerosis signaling 4.5E−04 COL18A1, COL
Dendritic cell maturation 1.8E−03 −2 COL18A1, COL
Role of osteoblasts, osteoclasts and chondrocytes in
rheumatoid arthritis

3.5E−03 COL1A1, DKK2

Inhibition of angiogenesis by TSP1 4.2E−03 TGFBR2, THBS

Legend: The top 10 canonical pathways in the comparison between affected and unaffected twi
has less than 4 genes, or sufficient information for the gene effects is not available to estimate
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The results on the losartan-regulated causal pathway involving
ADCYAP1, ADAMTS9, CACNA2D1, COMT, GRIK2, NMDAR2B, and VGLUT2
are in line with previous studies indicating that angiotensin II receptor
antagonists may have a beneficial effect on mental disorders (Benicky
et al., 2011; Fan et al., 2017; Oh and Fan, 2019). This implies that
losartan and other angiotensin II receptor antagonists (ARBs) might be
effective also in schizophrenia (Fan et al., 2017). Furthermore, our
pharmacoepidemiological data showed that in the total nationwide co-
hort, the use of losartan and anotherwidely used angiotensin II receptor
antagonists was associated with about a 25% to 30% lower risk of hospi-
talization due to psychosis compared to those time periods when the
same individual did not use an angiotensin II receptor antagonist. This
beneficial associationwas even stronger in the youngerfirst-episode co-
hort, showing a 41% lower risk of rehospitalization during the use of
losartan. These findingswere not explained by the overall temporal var-
iation in treatment compliance since no effectwas observed for thiazide
diuretics used for the same indication, hypertension. Concerning spe-
cific ARBs, the outcome was not associated with the permeability
through the blood-brain-barrier (BBB). Losartan's access through the
BBB is considered rather poor in the healthy brain without trauma or
neuropsychiatric illness. However, data from animal studies show that
it can penetrate brain after oral administration. It inhibits epileptic sei-
zures by preventing astrocyte activation (Hong et al., 2019), inhibiting
albumin-induced PNN degradation around parvalbumin interneurons
(Kim et al., 2017), and reducing BBB dysfunction (Swissa et al., 2019).
It also enhances the extinction of fear memory when administered pe-
ripherally (Marvar et al., 2014). ARBs decrease brain inflammation and
glutamate excitotoxicity via central and peripheral mechanisms and
repurposing them for treatment of neuropsychiatric disorder may be
of major immediate and translational value (Villapol and Saavedra,
2015). While losartan was associated with decreased risk of relapse in
schizophrenia, especially among first-episode patients, hypothetically,
e Finnish dataset.

1, COL18A1, COL1A1, COL1A2, COL3A1,COL4A1, COL4A2, COL5A1, COL5A2, COL6A3, FN1,
, MYH7, TGFBR2
18A1, COL1A1, COL1A2, COL3A1, COL4A1, COL4A2, COL5A1, COL5A2, COL6A3
1A1, COL1A2, COL3A1
1, COL1A1, COL1A2, COL3A1, IL1R1, MYLK, TGFBR2, WNT8B
1A1, COL1A2, COL3A1
R1, TGFBR2, WNT8B
1A1, COL1A2, COL3A1
1A1, COL1A2, COL3A1
, IL1R1, WNT8B

1

ns in the Finnish dataset (Tiihonen et al., 2019). Z score cannot be calculated if the pathway
the magnitude of the overall effect.



Table 1c
The top 10 canonical pathways observed in the comparison between patients with schizophrenia and healthy unrelated controls in the US dataset.

Ingenuity canonical pathways p-Value Z score Genes

GP6 signaling pathway 3.0E−06 −0.8 COL12A1, COL19A1, COL21A1, COL22A1, LAMA2, PRKD1
Hepatic fibrosis/hepatic stellate cell activation 3.8E−05 COL12A1, COL19A1, COL21A1, COL22A1, LHX2, MYH14
Transcriptional regulatory network in embryonic stem cells 1.4E−02 NEUROG1, OTX1
Retinoic acid mediated apoptosis signaling 1.7E−02 CFLAR, RXRG
Cardiac hypertrophy signaling (enhanced) 2.3E−02 1 ADRA1A, CACNA1A, FZD8, MPPED2, PRKD1
ILK signaling 2.6E−02 DSP, FLNC, MYH14
Superoxide radicals degradation 2.6E−02 CAT
FcγRIIB signaling in B lymphocytes 2.6E−02 CACNA1A, INPP5D
VDR/RXR activation 2.8E−02 PRKD1, RXRG
IL-3 signaling 2.9E−02 INPP5D, PRKD1

Legend: The top 10 canonical pathways observed in the comparison between patients with schizophrenia and healthy unrelated controls in the US dataset (Hoffman et al., 2017). Z score
cannot be calculated if the pathway has less than 4 genes, or sufficient information for the gene effects is not available to estimate the magnitude of the overall effect.
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itsmost beneficial effect should be seen in primary prevention if it could
normalize the pathophysiological cascade related to down-regulated
ADCYAP1, ADAMTS, and CACNA genes.

Although the number of participants was smaller in the Finnish
dataset (n= 15) than in the US dataset (n= 22), the findingswere sub-
stantially stronger in the Finnish dataset. This was probably due to the
more homogeneous study population, resulting in less illness-
irrelevant genetic noise. In our previous study, we observed that the
number of sex-specific genes increased as a function of time during the
maturation of cells (Tiihonen et al., 2019). Also, the analyses of the pres-
ent study showed that the number of DEGs is higher when the neurons
havematured for a longer time. Although theUS dataset included several
non-Caucasian controls, the results were surprisingly similar to those
from the Finnish dataset. The most consistent finding across the Finnish
and US datasets was the involvement of the ADCYAP1 gene in themajor-
ity of the most significant causal pathways. ADCYAP1 codes the pituitary
adenylate cyclase-activating polypeptide (PACAP) protein, which
upregulates DISC1 (disrupted in schizophrenia 1, Lutfy and Shankar,
2019). It also modulates dendritic spine maturation and morphogenesis
(Hayata-Takano et al., 2019) and has been studied extensively in schizo-
phrenia and other psychiatric disorders (Ago et al., 2013). One study has
shown that metabotropic glutamate 2/3 agonist MGS0028 improves im-
pairments in the novel object recognition test in mice lacking PACAP in
an experimental Adcyap1−/− mouse model for schizophrenia (Ago
et al., 2013). Another study showed that PACAP-deficient mice have
Table 2
Top 10 upstream master regulators and their target genes in the Finnish and US datasets comp

Tiihonen et al. (2019) dataset

Master
regulator

p-Value
of
overlap

Network
bias-corrected
p-value

Target molecules in dataset

P2RY11 3.9E−10 0.0001 ADAMTS9, ADCYAP1, CACNA2D1, COMT, GR
NEUROD1, NEUROD6, SHISA6, SLC17A6, SLC1

Losartan
potassium

8.6E−10 0.0001 ADAMTS9, ADCYAP1, CACNA2D1, COMT, GR
NEUROD1, NEUROD6, SLC17A6

TAF4 9.8E−10 0.0001 ADCYAP1, CACNA2D1, COMT, DRD2, GRIK2,
NEUROD6, SHISA6, SLC17A6

PRKD2 1.6E−09 0.0001 ADAMTS9, ADCYAP1, CACNA2D1, COMT, GR
NEUROD1, NEUROD6, SLC17A6

AKT1S1 1.7E−09 0.0001 ADAMTS9, ADCYAP1, CACNA2D1, COMT, NE
SLC17A6, SLC17A7

CABIN1 2.8E−09 0.0001 ADAMTS9, ADCYAP1, CACNA2D1, COMT, DR
GRIN2B, NEUROD6, SLC17A6

CaMK I 7.2E−09 0.0002 ADAMTS9, ADCYAP1, CACNA2D1, COMT, DR
GRIN2B, NEUROD1, NEUROD6, SLC17A6

Retinoic
acid-RAR-RXR

1.1E−08 0.0001 ADAMTS9, CACNA2D1, COMT, DRD2, GRIK2,
NEUROD6, SHISA6, SLC17A6

GEM 1.2E−08 0.0001 CACNA2D1, GRIK2, NEUROD1, NEUROD6, SLC
RP 73401 1.5E−08 0.0004 ADAMTS9, ADCYAP1, CACNA2D1, COMT, GR

NEUROD6, SLC17A6

Legend: Top 10 upstreammaster regulators and their target genes in the Finnish (Tiihonen et a
controls. Common (shared) genes/members of a gene family in both datasets are in bold. Com
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psychomotor and cognitive deficits and that 5-HT7 antagonist SB-
269970 ameliorated these deficits (Tajiri et al., 2012). Our results indi-
cate how gene expression is altered in fetal-like neurons in schizophre-
nia, and the expression of genes is probably quite different on the adult
age after the onset of illness. Our analyses suggest that in the pathophys-
iological cascade of schizophrenia, abnormalities in the expression of
genes associatedwith glutamatergic neurotransmission, neuronmatura-
tion, and extracellular matrix-related signaling pathways occur first, and
dopaminergic abnormalities emerge later during prodromal phase and
clinical illness. This suggests that MGS0028 and 5-HT7 antagonists
could be potential treatments in primary prevention before the full man-
ifestation of illness involving dopaminergic abnormalities. As discussed
above, the DEG results obtained fromhiPSC-derived neurons do not nec-
essarily reflect theDEG results in the neurons of adult individuals of 20 to
30 years of age. This can be considered a limitation when considering
how the results can be applied to treatment of full-blown illness. In
any case, the results may provide important insight into the pathophys-
iological cascade preceding the onset of illness.

A major limitation of hiPSC-studies is the small number of subjects
due to the laborious method. Our study included a total of 37 individuals
which is a rather small sample but, to our knowledge, the largest to date
in schizophrenia research using hiPSC-derived neurons. Despite the sam-
ple size, findings on ADCYAP1, ADAMTS, and CACNA–related signaling
pathways were surprisingly consistent in two independent datasets.
Since the pathway analyses comparing patients and healthy unrelated
aring patients and healthy unrelated controls.

Hoffman et al. (2017) dataset

Master regulator p-Value
of
overlap

Network
bias-corrected
p-value

Target molecules in
dataset

IK2, GRIN2B,
7A7

Cpla2 2.9E−08 0.0003 ADAMTS2, GABRA2

IK2, GRIN2B, Alpha-adrenergic
receptor

5.7E−08 0.0004 ADAMTS2, ADCYAP1,
CACNA1A

NEUROD1, GCKR 8.8E−08 0.0003 ADAMTS2, ADCYAP1,
CACNA1A

IK2, Costunolide 4.1E−07 0.0017 ADAMTS2, ADCYAP1,
CACNA1A, GABRA2

UROD6, ICL1-9 6.7E−07 0.0011 ADAMTS2, ADCYAP1,
CACNA1A

D2, GRIK2, Fcgr3 8.9E−07 0.0013 ADAMTS2, ADCYAP1,
CACNA1A, GABRA2

D2, GRIK2, NCSTN 1.1E−06 0.0024 ADAMTS2, ADCYAP1,
CACNA1A

NEUROD1, L-tyrosine 1.2E−06 0.0007 ADAMTS2, CACNA1A

17A6 Astaxanthin 1.9E−06 0.0007 CACNA1A
IK2, GRIN2B, ADRB1 1.9E−06 0.0009 ADCYAP1, CACNA1A

l., 2019) and US (Hoffman et al., 2017) datasets comparing patients and healthy unrelated
mon (shared) genes/members of a gene family in both datasets are in bold.



a) Prevalent cohort

P-values were 0.0001 for any ARB, <0.0001 for candesartan, 0.1762 for eprosartan, <0.0001 for losartan, 
<0.0001 for valsartan, 0.4345 for telmisartan, 0.9614 for olmesartan, <0.0001 for an�psycho�cs, <0.0001
for benzodiazepines, and 0.1439 for thiazides. Cut-off value with Bonferroni correc�on is p < 0.0055. 

b) Incident cohort

P-values were 0.0486 for any ARB, 0.0065 for losartan, 0.5880 for valsartan, 0.8800 for candesartan, 0.4795
for telmisartan, <0.0001 for an�psycho�cs, 0.0002 for benzodiazepines, and 0.0121 for thiazides. Cut-off 
value with Bonferroni correc�on is p < 0.0071. 

Fig. 3. Risk of psychiatric re-hospitalization during the use of an angiotensin II receptor
antagonist (ARB) or thiazide diuretic, antipsychotic, or benzodiazepine vs. no use of the
drug. In bold are depicted the agents that are significant after Bonferroni correction. a)
Prevalent cohort. p-Values were 0.0001 for any ARB, <0.0001 for candesartan, 0.1762
for eprosartan, <0.0001 for losartan, <0.0001 for valsartan, 0.4345 for telmisartan,
0.9614 for olmesartan, <0.0001 for antipsychotics, <0.0001 for benzodiazepines, and
0.1439 for thiazides. Cut-off value with Bonferroni correction is p < 0.0055. b) Incident
cohort. p-Values were 0.0486 for any ARB, 0.0065 for losartan, 0.5880 for valsartan,
0.8800 for candesartan, 0.4795 for telmisartan, <0.0001 for antipsychotics, 0.0002 for
benzodiazepines, and 0.0121 for thiazides. Cut-off value with Bonferroni correction is p
< 0.0071.
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controls were based on previously published results (Tiihonen et al.,
2019) it was not possible to further study the effects ofmaster regulators
such as losartan or astaxanthin with PCR. If our results relied on one
dataset, it would be justified to claim that RNA seq data requires valida-
tion by PCR. However, it is very unlikely that replication of similar
40
findings onADCYAP1, ADAMTS, and CACNA-related pathways frompub-
licly available datasets from two different countries and by two indepen-
dent research groups could be attributable to methodological issues. We
think that this kind of replication using two independent datasets is ac-
tually more convincing than validation by PCR in one dataset.

5. Conclusion

Our results showed that while glutamatergic alterations in the Finn-
ish dataset andGABAergic alterations in theUSdatasetwere linkedwith
schizophrenia in hiPSC derived neurons corresponding to cellsmaturing
during the second trimester, no consistent signal was observed for
dopamine-specific genes in both datasets. This suggests that the
inhibitory-excitatory balance between glutamate and GABA may be a
primary pathophysiology among patients with Caucasian origin, and
dopaminergic deficits emerge later in the cascade when the illness is
fully manifested. Therefore, secondary prevention with dopaminergic
drugsmay be too late for a full recovery, but ADCYAP1/PACAP-deficit al-
leviators, such as metabotropic glutamate 2/3 agonists, 5-HT7 antago-
nists, and angiotensin II receptor blockers might be beneficial in the
prodromal phase of schizophrenia, and they should be studied in RCTs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2021.05.011.
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