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Abstract

Background: Schizophrenia (SCZ) is a chronic and severe mental illness with no cure so far. Mendelian randomiza-
tion (MR) is a genetic method widely used to explore etiologies of complex traits. In the current study, we aimed to
identify novel proteins underlying SCZ with a systematic analytical approach.

Methods: We integrated protein quantitative trait loci (pQTLs) of the brain, cerebrospinal fluid (CSF), and plasma with
the latest and largest SCZ genome-wide association study (GWAS) via a systematic analytical framework, including
two-sample MR analysis, Steiger filtering analysis, and Bayesian colocalization analysis.

Results: The genetically determined protein level of C4A/C4B (OR = 0.70, p = 1.66E—07) in the brain and ACP5 (OR
=042, p=3.73E—05), CNTN2 (OR = 0.62, p = 2.57E—04), and PLA2G7 (OR = 0.71, p = 1.48E—04) in the CSF was
associated with a lower risk of SCZ, while the genetically determined protein level of TIET (OR = 3.46, p = 4.76E—05),
BCL6 (OR = 3.63, p = 1.59E—07), and MICB (OR = 4.49, p = 2.31E—11) in the CSF were associated with an increased
risk for SCZ. Pathway enrichment analysis indicated that genetically determined proteins suggestively associated with
SCZ were enriched in the biological process of the immune response.

Conclusion: In conclusion, we identified one protein in the brain and six proteins in the CSF that showed support-
ing evidence of being potentially associated with SCZ, which could provide insights into future mechanistic studies
to find new treatments for the disease. Our results also supported the important role of neuroinflammation in the
pathogenesis of SCZ.

Keywords: Protein quantitative trait loci, Schizophrenia, Mendelian randomization, Complement 4,
Neuroinflammation

Background

Schizophrenia (SCZ) is a chronic, severe mental ill-
ness with a global age-standardized point prevalence
estimated to be 0.28%, which loads a great burden on
patients’ families and society [1]. Patients with SCZ
can present with positive symptoms (such as delusions
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symptoms (such as deficits in working memory, executive
function, and processing speed) [2]. Although tremen-
dous efforts have been put into exploring effective thera-
peutics for SCZ, there is no cure so far [3], which may be
caused by the insufficient understanding of its etiology.

The etiology of SCZ is complex, and genetic factors
have been proven to play an important role in the patho-
genesis of SCZ. On the one hand, previous twin studies
have consistently shown a large genetic component to
SCZ, with heritability estimated at around 80% [4]. On
the other hand, based on the common disease-common
variant hypothesis, genome-wide association studies
(GWAS) have been applied as an unbiased, data-driven
approach to identifying several loci associated with SCZ
[5-8]. However, the GWAS design cannot reliably pin-
point potentially causal genes for explaining the high her-
itability of SCZ.

Mendelian randomization (MR) is a genetic method
using the genome-wide significant single nucleotide
polymorphisms (SNPs) that were strongly associated
with the exposure as instrumental variables (IVs), to
investigate the causal link between exposure and out-
come [9]. It has been widely used in exploring etiolo-
gies of complex diseases. Likewise, supposing that we
choose the SNPs associated with the abundance of
a protein (protein quantitative trait loci (pQTLs)) as
exposure and use the SCZ as the outcome, we can infer
the potential causal link between the proteins on SCZ.
This will help to identify novel proteins underlying SCZ,
uncover disease pathogenesis, and guide therapeutics
development [10, 11].

Therefore, in the current study, we combined pQTLs
from neurologically relevant tissues (brain, CSF) and
plasma [12] and used the two-sample MR method,
Steiger filtering analysis, and Bayesian colocalization
analysis to explore the relationship between genetic-
determined protein levels and SCZ. Then, we also cor-
related the MR effects from the brain, CSF, and plasma
and further analyzed protein-protein interaction (PPI)
between SCZ-related proteins. This integration will help
to identify tissue-shared and tissue-specific proteins that
play important roles in SCZ, which will help in future
mechanistic study and drug discovery.

Methods
The flowchart of the study was presented in Fig. 1.

Datasets

The information about the datasets used in the current
study was listed in Additional file 1: Table S1. Partici-
pants were all of European ancestry.
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pQTL dataset

We obtained the pQTLs of the brain, CSF, and plasma
from a recent study [12], and the demographic char-
acteristics of the participants were listed in Additional
file 1: Table S2. Briefly, participants with Alzheimer’s
disease (AD) and healthy controls of European ancestry
were included to measure the abundance of 1305 pro-
teins using an aptamer-based platform in CSF (n = 835),
plasma (n = 529), and brain (parietal lobes) (# = 380)
samples. Then, to identify the association between geno-
type and protein levels within each tissue, genome-wide
association analyses of 14.06 million imputed autosomal
common variants (minor allele frequency > 0.02) were
performed against protein levels in each tissue. Moreo-
ver, because the study included cognitively normal older
adults and patients with AD, additional analyses were
performed to determine if any of the pQTLs were disease
or age-specific, and the results showed that associations
of the genetic variants with protein levels were not dis-
ease-specific, and most of the pQTLs were not age-spe-
cific. The detailed methods can be found in the original
study [12]. In general, we selected pQTLs that passed the
stringent genome-wide threshold of p < 5E—08 as IVs.

SCZ dataset

The summary statistics of SCZ were obtained from the
latest SCZ GWAS conducted by the SCZ Working Group
of the Psychiatric Genomics Consortium (PGC), which
included 39,910 SCZ cases and 60,558 controls of Euro-
pean ancestry [8]. Written consent was obtained from
all individuals enrolled in this study, and the study was
approved by the institutional review board described in
the original study [5, 8].

Two-sample Mendelian randomization

MR analysis utilizes SNPs as IVs to explore the causal
effects of defined exposure on an outcome, which has
been widely applied in identifying the genetic etiology
of complex illnesses through integrating the quantitative
trait loci data [13, 14]. In this study, we used the pQTL
datasets as the exposure [12] and SCZ GWAS [5, 8] as the
outcome to perform MR.

IV selection

The most important and fundamental step of MR is to
include eligible IVs. To identify eligible IVs, three key
assumptions must be met [9]. Assumption 1 (relevance
assumption) refers to that the genetic variant should be
directly associated with the exposure. Therefore, to meet
assumption 1, on the one hand, we restricted the SNPs to
be directly associated with the exposure at the p-value <
5E—08 (genome-wide significant threshold); on the other
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Fig. 1 Flowchart of the study. We integrated pQTL data derived from brain, CSF, and plasma and SCZ GWAS datasets via MR, Steiger filtering
analysis, and Bayesian colocalization analysis. Then, we compared the consistency and differences among the three different tissues and further

hand, we selected robust SNPs judged by F-statistics > 10
[15] (Additional file 1: Table S3). Assumption 2 (independ-
ence assumption) is that the genetic variant should not be
directly related to confounding factors, which can be cal-
culated as horizontal pleiotropy in the post-MR analysis.
Assumption 3 (exclusion assumption) is that the genetic
variant should not be directly associated with the out-
come. To meet this assumption, the PhenoScanner data-
base was searched for each SNP to see whether they were
significantly associated with the outcome (p < 5E—08) [16]
(Additional file 1: Table S4), and those SNPs directly asso-
ciated with the outcome were not included.

Mendelian randomization

Once eligible IVs were selected, they were linkage disequi-
librium (LD) clumped with 7* < 0.001 in 10 megabase dis-
tance. After clumping, most of the pQTLs have at most 2
eligible I'Vs. Next, the IVs were extracted from the outcome
trait and were harmonized in both exposure and outcome

GWAS. In this step, palindromic SNPs with intermedi-
ate allele frequency were removed. Moreover, if a particu-
lar requested SNP is not present in the outcome GWAS,
then an SNP (proxy) that is in LD with the requested SNP
(target) will be searched, which was defined using 1000
genomes Furopean sample data (* > 0.8). Once the expo-
sure and outcome data are harmonized, MR can be per-
formed. Because most of the pQTLs have at most 2 eligible
IVs, under this condition, only the Wald ratio method (1 IV
SNP) and inverse-variance-weighted (IVW) method (2 IV
SNPs) can be calculated according to the default settings
in the MR package, while other sensitivity analyses includ-
ing MR-Egger, weighted mode, and weighted median mode
cannot be performed. Moreover, because of the limited
number of IVs, post-MR analyses such as Cochran’s Q test
for heterogeneity, MR-Egger intercept test for horizontal
pleiotropy, MRPRESSO test for the outlier, and 2GX test
for “no measurement error” were not able to be performed
[9]. As a result, the suggested threshold of the p-value (p <
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0.05) and Bonferroni correction thresholds (p < 0.05/num-
ber of proteins analyzed) were used to prioritize proteins
for further follow-up study, and to ensure the causation
was not distorted by the presence of reverse causation, the
Steiger filtering method was applied [17]. p < 0.05 indicated
that the effect direction is from exposure to an outcome.
The steps above were implemented using the “TwoSam-
pleMR” R package (github.com/MRCIEU/TwoSampleMR)
[7].

Bayesian colocalization analysis

To avoid the signals discovered by MR that might
arise from linkage disequilibrium or pleiotropy, Bayes-
ian colocalization analysis was performed to assess
whether these two association signals (pQTLs and SCZ
GWAS) were consistent with a shared causal variant
[18]. The analysis was conducted with COLOC (https://
rdrr.io/cran/coloc/) in the R package with default
parameters, which tested the posterior probability of
5 hypotheses: Hj: no association with either trait; H;:
association with trait 1 (pQTL), not with trait 2 (SCZ
GWAS); H,: association with trait 2 (SCZ GWAS), not
with trait 1 (pQTL); Hs: association with trait 1 (pQTL)
and trait 2 (SCZ GWAS), two independent SNPs;
H,: association with trait 1 (pQTL) and trait 2 (SCZ
GWAS), one shared SNP [18], and a posterior probabil-
ity of hypothesis 4 (PPH,) > 0.8 was considered as that
the two association signals are consistent with a shared
causal variant [18].

Pearson correlation of MR effects

We wondered whether there would be correlations
between the brain, CSF, and plasma-identified QTLs.
Therefore, we investigated the correlation between the
shared QTLs identified in the brain, CSF, and plasma
using effect estimates (beta) from the MR analysis by
Pearson correlation analysis. Since the amount of pQTLs
was relatively small, let alone the overlapping proteins, we
first set no threshold for pQTLs to ensure enough shared
pQTLs in the correlation analysis. Next, a p-threshold at
0.05 was also applied to ensure a stringent correlation.

Protein-protein network

To explore the underlying pathways of the significant pro-
teins, we investigated whether there were PPI networks
and enrichment of pathways between these proteins that
survived multiple testing. Moreover, to gain more infor-
mation, we also performed PPI among those proteins
with p < 0.05. PPI and Gene Ontology (GO) enrichment
were found in the Search Tool for the Retrieval of Inter-
acting Genes (STRING) database version 11.5 (https://
string-DB.org/) [19].
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Results

Associations between genetically predicted protein levels
in the brain with SCZ

The MR analysis of brain pQTLs only identified one
genetically determined protein level to be associated with
the risk for SCZ after multiple testing corrections (p <
8.3E—04 [0.05/6]) (Table 1, Fig. 2A, and Additional file 1:
Table S5). Specifically, one standard deviation increase
of the complement 4A and 4B (C4A/C4B) protein level
in the brain was associated with an approximately 30%
decreased risk of developing SCZ (OR = 0.70, p =
1.66E—07). Steiger filtering analysis supported that C4A/
C4B had correct causal direction from protein level to
the development of SCZ, and Bayesian colocalization
analysis confirmed that the pQTL and SCZ were medi-
ated by the shared variant (PPH, = 0.969), which further
provided supporting evidence for its potentially causal
association with SCZ (Table 1).

Associations between genetically predicted protein levels
in CSF with SCZ

After multiple testing corrections (p < 2.63E—04 [0.05/190]),
the MR analysis identified 8 genetically predicted proteins
in the CSF to be associated with SCZ (Table 1, Fig. 2B, and
Additional file 1: Table S6). Specifically, the increased pro-
tein abundance of 4 proteins was significantly associated
with an increased risk of SCZ, including interleukin 36A
(IL36A, OR = 2.67, p = 8.07E—17), tyrosine kinase with
immuno-globulin-like and EGF-like domains 1 (TIE1, OR =
3.46, p = 4.76E—05), BCL6 transcription repressor (BCL6,
OR = 3.63, p = 1.59E—07), and MHC class I polypeptide-
related sequence B (MICB, OR = 449, p = 2.31E—-11),
while the increased protein abundance of the remaining 4
proteins was significantly associated with a decreased risk
of SCZ, including acid phosphatase 5 (ACP5, OR = 0.42,
p = 3.73E—05), protease inhibitor C1 (SERPING1, OR =
0.46, p = 8.25E—06), contactin 2 (CNTN2, OR = 0.62, p
= 2.57E—04), and phospholipase A2 group VII (PLA2G?7,
OR = 0.71, p = 148E—04). The Steiger filtering analysis
indicated that all MR-identified proteins had the correct
causal direction from protein level to SCZ. However, in the
colocalization analysis, only 6 proteins showed evidence
for genetic colocalization with SCZ, including TIE1, BCLS6,
MICB, ACP5, CNTN2, and PLA2G7, which further pro-
vided supporting evidence for their potential causal associa-
tion with SCZ (Table 1).

Associations between genetically predicted protein levels
in plasma with SCZ

After multiple testing corrections (p < 3.81E—04 [0.05/131]),
the MR analysis identified three genetically predicted plasma
proteins to be associated with SCZ (Table 1, Fig. 2C, and
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Additional file 1: Table S7). Specifically, the increased protein
abundance of two proteins was associated with an increased
risk of SCZ, including cathepsin S (CTSS, OR = 2.13, p =
2.94E—04) and interferon gamma receptor 2 (IFNGR2, OR
= 2.40, p = 3.59E—04). In contrast, the increased abundance
of SERPING1 (OR = 0.59, p = 5.07E—06) was significantly
associated with a decreased risk of SCZ. Although Steiger
filtering indicated correct causal direction from the protein
level to the development of SCZ, the Bayesian colocalization
analysis indicated that none of the proteins had evidence for
genetic colocalization (Table 1).

Summary of MR findings

Our findings provided supporting evidence for a poten-
tial causal relationship between C4A/C4B in the brain
and TIE1, BCL6, MICB, ACP5, CNTN2, and PLA2G7
in the CSF and SCZ, because MR analysis found the
potential causal association, the Steiger filtering test con-
firmed that the direction was correct, and the Bayesian

colocalization analysis further supported that the protein
profiles and SCZ were consistent in the shared variants.
However, the association of IL36A in CSF, SERPINGI in
CSF and plasma, and CTSS and IFNGR2 in plasma were
less robust, because although the MR analysis identified
the potential causal association, the colocalization analy-
sis failed to find evidence of colocalization, which indi-
cated that the potential causal association discovered by
MR might arise from linkage disequilibrium or pleiot-
ropy (Table 1 and Fig. 2D).

Consistency comparison by correlation analysis

To further explore the correlation between brain-based,
CSF-based, and plasma-based proteins, we compared
the MR effect estimates of the shared proteins. The MR
effects between brain proteins and CSF proteins showed
a robust positive correlation (no p-value threshold, Pear-
son correlation = 0.642, p-value = 2.84E—07, num-
ber of proteins = 52) (Additional file 2: Fig. S1A), and
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the correlation was strengthened when limited p-value
threshold at 0.05 (Pearson correlation = 0.972, p-value
= 0.014, number of proteins = 5) (Fig. 2E). However, the
MR effects between plasma proteins and brain proteins
(p-value = 0.113, number of proteins = 13), and brain
proteins with CSF proteins (p-value = 0.147, number
of proteins = 17) both did not show correlations at no
p-value threshold (Additional file 2: Fig. S1B-C).

PPI network

We found protein interactions between the significant
proteins from multiple tissues. For example, C4A/C4B
was associated with SCZ in the brain, SERPING1 was
associated with SCZ in the CSF and plasma, and they
were found to interact with each other in the PPI network
(Fig. 3A). Moreover, using the proteins which were sug-
gestive of being associated with the risk for SCZ (p < 0.05)
from three tissues (brain, CSF, and plasma) (Additional
file 1: Table S5-S7), the PPI networks in STRING revealed
that the whole network was significantly enriched (p =
4.99E—08) (Fig. 3B), and GO enrichment analysis indi-
cated these suggestive proteins were enriched in the
biological process of “regulation of response to external
stimulus” and “regulation of immune system process”
(Additional file 1: Table S4).

Discussion
Although significant developments have been made
in sequencing methods and bioinformatics tools, the
genetic etiology of SCZ remains largely unknown. The
current study applied a systematic pipeline combing MR,
Steiger filtering analysis, and Bayesian colocalization
analysis with the brain-, CSF-, and plasma-based pQTL
datasets to identify novel proteins underlying SCZ. We
provided supporting evidence for the potential causal
association between genetically determined protein levels
of C4A/C4B in the brain and TIE1, BCL6, MICB, ACP5,
CNTN?2, and PLA2G7 in the CSF and SCZ. Subsequently,
we found a robust correlation of the MR effects between
plasma- and CSF-based proteins. Last but not least, we
found that the suggestive proteins were enriched in the
biological process of “regulation of response to external
stimulus” and “regulation of immune system process.”
Some studies have explored the expression quantitative
trait loci (eQTL) and/or pQTL profiles in SCZ patients.
For example, a study using brain pQTL and eQTL data-
sets with proteome-wide association analysis (PWAS)
and transcriptome-wide association study (TWAS)
revealed 14 genes associated with the risk for SCZ [20].
Another study measured the eQTL and pQTL of the
antihypertensive drug target genes in the blood, CSE, and
brain with MR methods and found an adverse association
of lower ACE messenger RNA and protein levels with
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SCZ risk [21]. Wang et al. used blood eQTL and GWAS
data of SCZ in East Asian populations with TWAS and
summary data-based Mendelian randomization (SMR)
and revealed TMEM180 as a SCZ risk gene [22]. Baird
et al. used the brain eQTL dataset with MR design and
found 23 potentially causal genes with evidence of a
shared genetic effect between gene expression (eQTL)
and SCZ risk [23]. However, limitations in these studies
should be noteworthy. Firstly, like GWAS, the design of
TWAS and PWAS was only able to identify the associa-
tion but not pinpoint the causality. Furthermore, pQTL
in the blood could not reflect the biological process in
the brain because of the blood-brain barrier. Last but not
least, eQTL mapping could not fully identify the func-
tional variants and genes driving GWAS signals, because
many genetic variants alter protein levels without affect-
ing transcript levels [24]. Therefore, our study has several
advantages over previous studies. First, our study applied
several independent but complementary methods to
identify novel proteins for SCZ, including the MR analy-
sis to discover the potential causal association, the Steiger
filtering analysis to ensure the correct direction of the
association, and Bayesian colocalization analysis to verify
that the potential causal association was not distorted by
LD and pleiotropy. Second, we integrated pQTLs from
multiple-tissue (brain, CSF, and plasma) to comprehen-
sively explore the crucial proteins involved in the patho-
genesis of SCZ. Last but not least, we performed the
analysis with the latest and largest SCZ GWAS dataset.
In the current study, we found that C4A/C4B in the
brain showed a protective role against SCZ. C4A and
C4B are two highly conserved isoforms of C4, which
reside in the major histocompatibility complex (MHC)
locus [25]. The previous study has shown that alleles
increasing C4A expression correlate with increased SCZ
risk, but alleles that increase C4B expression do not alter
SCZ risk [26], and the plasma level of C4 is increased in
patients with SCZ, as well as inversely correlated with
the cortex thickness [27, 28]. In vivo studies also showed
the overexpression of C4A in mice would reduce corti-
cal synapse density, increase microglial engulfment of
synapses, and lead to behavioral changes in the mice [25].
However, our study with MR design found that C4A/C4B
in the brain and CSF was protective against SCZ. One
explanation is that C4A and C4B were measured together
in the pQTL, where the effect of C4A could be compro-
mised by C4B. On the other hand, the pQTL was derived
from the parietal lobe, while a previous study found that
overexpression of C4A in the prefrontal cortex will lead
to SCZ-associated phenotypes [29], which emphasized
the tissue-specific role of C4. Together with these studies,
our data suggest that the role of C4 in SCZ needs further
exploration, and simply overexpressing the protein level
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the brain, CSF, and plasma. Pink labeled: brain protein; blue labeled: CSF protein; green labeled: plasma protein
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of C4A/C4B might not be a promising therapeutic strat-
egy for SCZ; more profound mechanism studies would
be needed.

Moreover, we found that in the CSF, an increased
abundance of TIE1, BCL6, and MICB was leading to
a higher risk of SCZ, while an increased abundance of
ACP5, CNTN2, and PLA2G7 was leading to a lower
risk of SCZ. All of these genes have been rarely stud-
ied in SCZ, while there were some pieces of evidence

supporting our results. For example, SNPs in MICB and
PLA2G7 (also known as PAFAH) have been found to be
associated with SCZ risk [30-32]; CNTN2 could inter-
act with Contactin-associated protein-like 2, which is a
large multidomain neuronal adhesion molecule impli-
cated in a number of neurological disorders, including
epilepsy, schizophrenia, and autism spectrum disor-
der [33]. However, further investigation is needed to
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explore how these proteins involve in the pathogenesis
of SCZ.

Furthermore, we found a robust positive correlation
of the MR effects between plasma- and CSF-based pro-
teins, while some proteins in the CSF and plasma also
have a contrary role on SCZ, which might be due to
the brain-blood barrier. Moreover, we did not find any
correlation between CSF and the brain, which may be
due to the limited number of proteins measured in the
brain.

In the PPI network analysis, we found interactions
between proteins from different tissues, and the pro-
teins identified by MR were enriched in the biologi-
cal process of “immune response” and “inflammatory
response.” Therefore, our results further supported that
immunity of both the peripheral and central nervous
system (CNS) could work together to contribute to neu-
roinflammation, which is important in the pathogenesis
of schizophrenia [34, 35].

There were some limitations in the current study. First,
there were limited proteins measured in the brain, CSF,
and plasma in the exposure GWAS [12], and most of the
pQTLs had only 1 or 2 I'Vs available after selection, which
made it not enforceable to perform sensitivity analyses
and post-MR analyses; therefore, studies with larger sam-
ple sizes and more proteins would be needed. Second,
the tissue types in our study were limited to the human
parietal lobes, while some other brain regions were found
to be more relevant to SCZ, such as the frontal cortex,
hippocampus, amygdala, and para-hippocampus [36].
Therefore, genetic data derived from those regions will
be needed to characterize candidate proteins. Thirdly, the
pQTL datasets used in our study were obtained from AD
cases and cognitively normal older adults, although the
associations of the genetic variants with protein levels
were found to be not disease-specific and not age-specific
[12]; pQTLs from purely healthy controls with different
ages would be better. Moreover, MR estimates represent
the associations between life-long levels in the change of
exposure with the outcome. However, most therapeutic
interventions, particularly in clinical trials, are not life-
long. Therefore, our MR results were likely to overesti-
mate the therapeutic prospects of the identified proteins.
Nonetheless, we believe it is reasonable that our MR
results provided insights into studying the mechanism of
SCZ. Last but not least, the GWAS datasets used in the
current study originated from the European population,
which may not reflect the conditions in other ethnicities
because of the genetic heterogeneity; more studies from
other races would be needed.
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Conclusions

In conclusion, we identified one protein in the brain
and six proteins in the CSF that showed supporting evi-
dence of being potentially causal for SCZ, which could
provide insights into future mechanistic studies to find
new treatments for the disease. Our results also sup-
ported the important role of neuroinflammation in the
pathogenesis of SCZ.
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