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Abstract

Genome-wide association studies (GWAS) have identified several risk loci for post-traumatic
stress disorder (PTSD); however, how they confer PTSD risk remains unclear. We aimed to
identify genes that confer PTSD risk through their effects on brain protein abundance to provide
new insights into PTSD pathogenesis. To that end, we integrated human brain proteomes

with PTSD GWAS results to perform a proteome-wide association study (PWAS) of PTSD,
followed by Mendelian randomization, using a discovery and confirmatory study design. Brain
proteomes (N=525) were profiled from the dorsolateral prefrontal cortex using mass spectrometry.
The Million Veteran Program (MVP) PTSD GWAS (n=186,689) was used for the discovery
PWAS, and the Psychiatric Genomics Consortium PTSD GWAS (n=174,659) was used for the
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confirmatory PWAS. To understand whether genes identified at the protein-level were also evident
at the transcript-level, we performed a transcriptome-wide association study (TWAS) using human
brain transcriptomes (N=888) and the MVP PTSD GWAS results. We identified 11 genes that
contribute to PTSD pathogenesis via their respective cis-regulated brain protein abundance. Seven
of 11 genes (64%) replicated in the confirmatory PWAS and 4 of 11 also had their c/s-regulated
brain mMRNA levels associated with PTSD. High confidence level was assigned to 9 of 11 genes
after considering evidence from the confirmatory PWAS and TWAS. Most of the identified

genes are expressed in other PTSD-relevant brain regions and several are preferentially expressed
in excitatory neurons, astrocytes, and oligodendrocyte precursor cells. These genes are novel,
promising targets for mechanistic and therapeutic studies to find new treatments for PTSD.

Post-traumatic stress disorder (PTSD) is a mental illness that can manifest after exposure
to extremely stressful or life-threatening events. The lifetime prevalence of PTSD is
approximately 8% in the general population but can be as high as 31% in veterans or
individuals with higher frequency of severe psychological stress or trauma exposurel: 2,
PTSD symptoms can be debilitating and last for years3: 4. While current treatments

for PTSD have provided clinical improvement for many people, even the most positive
assessments of treatment effectiveness would argue that there is a substantial minority who
do not improve with treatment>-8. For instance, medications for PTSD tend to have small
effect sizes, and only about 20% of the patients achieved loss of PTSD diagnosis after
pharmacotherapy® 7. Likewise, about 60% of the patients continued to be diagnosed with
PTSD after undergoing trauma-focused therapies, the first-line therapies for PTSD® 9. Thus,
there is a dire need for effective treatments for PTSD10,

To support the development of new therapeutics, we need a better understanding of the
biological mechanisms underlying PTSD. Risk for PTSD is multifactorial, including both
genetic and environmental factors (severity of traumatic event, prior stress exposure, lack
of social support, coping styles, and others)!1. Genetic factors contribute up to 40% of the
vulnerability to PTSD12 13 and is a window to identify novel treatment targets. Furthermore,
genetically informed drug targets are more likely to lead to successful FDA approvall?.
The Million Veteran Program (MVP) and Psychiatric Genomics Consortia (PGC) have
made great strides in understanding the genetic architecture of PTSD though genome-wide
association studies (GWAS) involving hundreds of thousands of participants of European
ancestryl>-17. These GWAS have identified several risk loci for PTSD; however, how these
loci confer PTSD risk remains unclear. Here, we aimed to identify genetic variants that
confer PTSD risk through their effects on brain protein abundance to provide new insights
into PTSD pathogenesis.

To that end, we employed two independent complementary analytical approaches!® 19 to
integrate reference human brain proteomes with PTSD GWAS results using a discovery

and confirmatory study design (Figure 1). Specifically, we performed a proteome-wide
association study (PWAS) of PTSD followed by Mendelian randomization® 19 to identify
potential causal genes that act via their c/s-regulated brain protein abundance to contribute to
PTSD pathogenesis. Furthermore, to examine these genes at both the transcript and protein
levels, we performed a transcriptome-wide association study (TWAS) of PTSD integrating
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reference human brain transcriptomes with the PTSD GWAS results. Lastly, we examined
the expression of the potential causal genes in other PTSD-relevant brain regions and in
specific cell types. We present here the first PWAS of PTSD to identify brain proteins that
are promising targets for further mechanistic and therapeutic studies.

Discovery PWAS of PTSD

We performed a discovery PWAS of PTSD by integrating the MVVP PTSD GWAS results
(n = 186,689 EA participants)1’ with reference human brain proteomes (n = 525)20. 21
following the FUSION pipelinel®. The integration involves two steps. In the first step,
the genetically regulated protein levels, referred to as c/s-regulated protein levels, were
estimated using the human brain proteomes and corresponding genome-wide genotypes
in 525 individuals. Before estimation, the proteomic data underwent quality control and
removal of effects of cognitive diagnosis and technical factors. After quality control, the
proteomic profiles consisted of 8610 proteins, of which 2179 proteins had significant
heritability (i.e., heritability p < 0.01), for which the ¢/s genetic component of protein
expression can be estimated. In the second step, the cis-regulated protein levels were
integrated with the PTSD GWAS summary association statistics using FUSION® to perform
a PWAS of PTSD.

The discovery PWAS of PTSD identified 13 genes whose cis-regulated brain protein levels
were associated with PTSD at FDR p <0.05 (Figure 2, Supplementary Table 1). Among
these 13 genes, two are located within 500 kb of each other (MAPRE3and KHK on
chromosome 2). Conditional analysis identified KHK in the pair as jointly significant and
MAPRE3was no longer significant and thus was dropped. Therefore, the discovery PWAS
identified 12 independent genes whose c/s-regulated brain protein levels were associated
with PTSD at FDR p <0.05.

The association between c/s-regulated protein levels and PTSD identified from the PWAS
can arise from pleiotropy (SNP affecting both protein abundance and PTSD), causality (SNP
affecting protein abundance, which in turn influences PTSD), or linkage disequilibrium
(LD, i.e. SNP affecting protein abundance is in LD with SNP affecting PTSD). We tested
for the possibilities of pleiotropy/causality versus LD using summary data-level Mendelian
randomization (SMR)18 as well as COLOC?22, For simplicity, we will refer to pleiotropy
or causality as consistent with being causal henceforth. SMR/HEIDI and COLOC results
suggest that 11 of the 12 PWAS significant proteins were consistent with being causal
(Figure 2, Supplementary Table 2). In sum, we performed a discovery PWAS of PTSD,
followed by Mendelian randomization and COLOC and identified 11 genes that modulate
their brain protein expression to predispose to PTSD.

Confirmatory PWAS of PTSD

To increase confidence in our PWAS findings, we performed a confirmatory PWAS of
PTSD by integrating results from an independent PGC PTSD GWAS (n = 174,659 EA
participants)16 with the 525 reference brain proteomes (Supplementary table 3). Focusing
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on the 11 potential causal genes identified in the discovery PWAS, we performed a meta-
analysis of the discovery and confirmatory PWAS for these genes. Replication was defined
as having a smaller p-value for association in the meta-analysis than the p-values from both
the discovery and confirmation PWAS as well as having consistent directions of association
between protein expression and PTSD in the discovery and confirmatory PWAS. We found
that 7 of 11 genes replicated (64%; Table 1).

Examining the potential PTSD-causal genes at the transcript level

Given the central dogma that DNA is transcribed into mRNA, which is translated into
protein, we investigated the relationship between brain transcript level and PTSD for these
11 PTSD genes identified herein as potentially causal. To this end, we performed a TWAS
of PTSD by integrating the MVP PTSD GWAS results'? with the 888 transcriptomes mainly
profiled from the frontal cortex of postmortem brain tissues donated by participants of

the Accelerating Medicines Partnership Alzheimer’s Disease (AMP-AD)21: 23, This will be
referred to as the TWAS of PTSD. Likewise, we performed a second TWAS using the MVP
PTSD GWAS!’ and the protein weights estimated from the 452 transcriptomes profiled from
the dPFC of the Common Mind Consortium (CMC) participants2* and will refer to this as
the CMC-TWAS of PTSD. Among the 11 genes from the discovery PWAS, 2 in the TWAS
and 4 in the CMC-TWAS were also associated with PTSD at the transcript level at FDR
<0.05 (Table 2). Together, 4 of the 11 transcripts were associated with PTSD in either TWAS
at FDR <0.05 (Table 2). In sum, 36% of the PTSD potential causal proteins also have their
transcript level associated with PTSD.

Though not the main focus on this paper, the TWAS of PTSD found 46 brain transcripts
associated with PTSD at FDR p<0.05 (Supplementary Table 4). Of those, 26 had evidence
consistent with being causal based on SMR and HEIDI (Supplementary Table 4). The CMC-
TWAS yielded 40 brain transcripts associated with PTSD at FDR p<0.05 (Supplementary
Table 5). Of these, 28 were consistent with being causal based on SMR and HEIDI
(Supplementary Table 5). In comparing the TWAS of PTSD (including 6604 genes) with

the CMC-TWAS of PTSD (including 5311 genes), we found 3341 genes reported in both
TWAS. Among the 46 significant transcripts from the TWAS, 17 were reported in the
CMC-TWAS, and 14 / 17 were associated with PTSD at nominal p <0.05 while 8 / 17
associated with PTSD at FDR p<0.05 (adjusted for 5311 transcripts; Supplementary table 6).
Among the 40 significant transcripts from the CMC-TWAS, 21 were included in the TWAS,
and 17 / 21 were associated with PTSD at p<0.05, while 8 / 21 were associated with PTSD
at FDR p<0.05 (Supplementary table 6).

Cell-type specific expression of the potential PTSD causal genes

To understand gene activities across cell types, we examined brain cell-type specific
expression of these genes using human single cell RNA sequencing data profiled from

the dPFC of cognitively normal donors25. Among these 11 genes, 7 were enriched in one
or more cell types, including excitatory neurons, inhibitory neurons, astrocytes, microglia,
oligodendrocyte precursor cells, and pericytes, while the other 4 did not show evidence of
enrichment in a particular cell type (Figure 3, Supplementary table 7). Four genes were
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highly expressed in excitatory neurons (RABZ278B, INPP4A, EXOC6, and CTNNDI; Figure
3) and one gene was highly expressed in inhibitory neurons (/NPP4A).

Expression of potential PTSD causal genes in other brain regions

Next, we asked whether these 11 genes are expressed in other PTSD-relevant brain regions
such as amygdala, hippocampus, anterior cingulate cortex, medial prefrontal cortex, and
nucleus accumbens?8. To this end, we used RNA microarray data from the Allen Brain
Atlas?’, which have been normalized to allow for comparison across genes. The microarray
data were not available for medial prefrontal cortex. Among the 11 potential causal genes, 7
(64%) are highly expressed or expressed in the hippocampus, 8 (73%) are highly expressed
or expressed in the amygdala, 7 (64%) are highly or lowly expressed in the anterior
cingulate cortex, and 2 (14%) are highly expressed in the nucleus accumbens (Figure 4).
These observations suggest that the majority of the 11 potential PTSD causal genes are
expressed in PTSD-relevant brain regions.

Protein-protein interaction network analysis

In examining the connectivity and biological pathways for the 11 potential PTSD causal
proteins, we performed network-based genomic analysis using GeNets28. Based on protein-
protein interaction, we found one protein community including NCK1 and PLCG1
(Supplementary Figure 1). A community is defined as a set of proteins that are more
connected to each other than they are to other proteins28. GeNets also enables gene set
enrichment analysis using the canonical pathways from gene sets in the MSigDB2°%, We
found that these 11 genes were enriched in angiogenesis and vasculogenesis (VEGFR1
pathway), B-cell receptor activation, axon guidance (Netrin pathway), vesicular trafficking
(ERRBL receptor proximal pathway and ARF6 trafficking pathway), cell-cell adhesion
(E-Cadherin stabilization pathway), insulin pathway, and metabolism of inositol phosphate
(Supplementary Figure 1). Interestingly, 4 proteins were enriched in several pathways -
CTNND1, EXOC6, NCK1, and PLCG1.

Novelty of these PTSD causal genes

To determine the novelty of these 11 potentially causal PTSD genes, we determined the
lowest p-values for the single nucleotide polymorphisms (SNPs) within 1Mb window of
these genes using the summary statistics from the MVP PTSD GWASL’. We found that

one gene was located within 1 Mb of a genome-wide significant GWAS signal (RAB27B),
while the other 10 genes were not, suggesting that these 10 are novel genes not implicated in
PTSD by the latest GWAS (Table 2, Supplementary table 8). The p values for these 11 genes
range from 3.7x107° to 1.6x107". These findings are consistent with those from prior TWAS
studies that found risk genes in regions without genome-wide significant p values24: 30. 31,
Furthermore, these 11 genes point to specific brain proteins that they likely act through to
predispose to PTSD.

PTSD and MDD have shared potential causal genes

PTSD and MDD commonly co-occur, with a comorbidity rate of approximately 509%32.
Interestingly, we observed a moderate genetic correlation between PTSD and MDD
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(correlation of 0.6, p = 2.6 x 107146) using the MVP PTSD GWAS7 and the latest
depression GWAS33, suggesting a substantial shared genetic basis between PTSD and MDD.
A natural question that arises is whether there are shared causal genes between PTSD

and MDD. In a prior study, we identified 25 potential depression causal genes acting via
their cis-regulated brain protein levels20. Here, we found that PTSD and MDD have 2
shared potential causal genes - RAB27B (Z = 4.1, FDR p=0.012 for PTSD; Z = 5.7, FDR
p:7.l><10'6 for MDD) and CTNND1 (Z = -4.5, FDR p=0.005 for PTSD; Z = -4.8, FDR
p=5.3x10~*4 for MDD). These genes predispose to PTSD and MDD via their c/s-regulated
brain protein levels in consistent directions of association; higher cis-regulated brain protein
level of RAB27B and lower cis-regulated brain protein level of CTANNDI were associated
with higher risk for PTSD and MDD.

Level of evidence for the potential PTSD causal genes

We assigned a level of confidence for the 11 potential causal genes identified in the
discovery PWAS based on evidence for replication in the confirmatory PWAS and results
from the two TWAS. The transcriptomes used in the TWAS were profiled with a different
technology from mass spectrometry and from brain tissues of donors mostly independent
from donors of brains for the proteomes, hence, the TWAS provided an independent

layer of validation for the PWAS findings. Taking into consideration findings from the
confirmatory PWAS and both TWAS, we had low confidence in LMODI as it did not
replicate in the confirmatory PWAS or in either TWAS (Table 2) and moderate confidence in
RABZ27B because it did not replicate in the confirmatory PWAS and was not reported in the
TWAS due to lack of SNP-based heritability (Table 2). We had Aigh confidence in 7 genes
(INPP4A, CDC42BPB, KHK, PLCG1, and CTNNDI, Table 2) because they replicated in
the confirmatory PWAS and in 7SFM and NCK1 because they were also associated with
PTSD at the transcript level in both TWAS (Table 2). Finally, we had very high confidence
in CCBL2and EXOC6 because they replicated in the confirmatory PWAS and were also
associated with PTSD at the transcript level in both TWAS (Table 2). In sum, among the 11
potentially causal genes, we have high level of confidence in 9 of them.

DISCUSSION

In this study we sought to identify brain proteins that predispose to PTSD to find new
treatment targets. To this end, we integrated the latest PTSD GWAS results with reference
human brain proteomes and transcriptomes, followed by Mendelian randomization, using

a discovery and confirmatory study design. In light of the range of severity of PTSD
symptoms, we focused on PTSD symptom severity as the outcome in the discovery dataset
and validated the identified proteins in the replication dataset with the case/control design as
the outcome. We identified 11 potential causal PTSD genes that act via their cis-regulated
brain proteins to contribute to PTSD pathogenesis. Notably, 7 / 11 genes (64%) replicated

in a confirmatory PWAS, and 4 / 11 genes also had their c/s-regulated brain mRNA levels
associated with PTSD, providing an additional layer of confirmation.

Only 36% of the potential PTSD causal proteins also have their transcript levels associated
with PTSD, suggesting that brain transcripts may not be a good proxy for brain proteins
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in many genes, and vice versa, consistent with observations from prior studies3# 3. This
is likely due to the layers of regulation after transcription, including microRNA regulation,
translational regulation, and post-translational regulation. Interestingly, when we compared
our TWAS and PWAS findings with the differentially expressed mRNAs in dPFC in PTSD
from a published transcriptome-wide differential expression analysis36, 1/ 11 (9%) of

our PWAS-significant genes (LMODI) and 2 / 42 (5%) of our TWAS-significant genes
(WNT3and DPYSL5) were differentially expressed in the dPFC in PTSD at FDR p<0.05.
Since proteins are the main functional components of cells and biological processes,

these findings highlight that studying measured brain proteomes directly offer additional
important insights.

Notably, we found 2 potential causal genes that are shared between PTSD and MDD,
RABZ27Band CTNNDI. They are associated with both PTSD and MDD, which are
comorbid in 50% of the PTSD patients32. Treatments that target these shared genes may
benefit patients with comorbid PTSD and depression and should be prioritized for further
mechanistic and therapeutic studies.

Three previous studies included a TWAS of PTSD7. 36. 37 and our TWAS findings are
very consistent with these published results. For instance, Huckins and colleagues performed
a TWAS of PTSD integrating the GTEXx transcriptomes and PGC PTSD GWAS results3’.
Focusing on their results in the dPFC, the brain region we studied here, we found that

6 of our 46 TWAS-significant genes were associated with PTSD in Huckins” TWAS at
nominal p<0.05 and in consistent direction of association (SLC35F6, DPYSL5, PET112,
B3GNTI1, CCBLZ, LRRC37A2, Supplementary table 9). Likewise, Girgenti and colleagues
performed a TWAS of PTSD using the MVVP PTSD GWAS and GTEXx transcriptomes from
brain (cortical and CNS tissue) and other non-CNS tissues and published their significant
findings36, which we used to compared with our TWAS results. Five of their 17 cortical
tissue-TWAS-significant genes3® were present in our TWAS, and all 5 were significant in
our TWAS at FDR p<0.05 (Supplementary table 10). We could not find information on
direction of association in Girgenti et al’s publication to compare with ours. Similarly,
Stein and colleagues performed a TWAS of PTSD integrating the MVP PTSD GWAS with
GTEXx transcriptomes and found 10 significant genes in their TWAS in the dPFC7. Five

of these 10 genes were reported in our TWAS and all 5 were significant in our TWAS at
FDR p<0.05 and with consistent direction of association (LRRC37A4F, ARL17A, RBME,
LRRC37A2, RNF123, Supplementary table 11). Taken together, our TWAS findings were
highly consistent with those of the published TWAS for the commonly reported genes -
100% consistent with Girgenti et al cortical tissue-TWAS36 and 100% consistent with Stein
et al dPFC-TWASY.

We also compared our PWAS findings with results from the published TWAS. Among

our 11 causal proteins from the PWAS, one was associated with PTSD in the Huckins’
TWAS37 at nominal p<0.05 and in consistent direction (CCBL2. Supplementary table 9).
One of the 10 TWAS-significant genes in the dPFC in Stein et al study” was present in our
PWAS, but its protein level was not associated with PTSD in our PWAS (RNF123). Among
Girgenti et al’s TWAS-significant genes3®, 4 genes were present in our PWAS, and 2 / 4
were associated with PTSD in our PWAS at p <0.05 (MON1A and PLCD?3) but none was
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significant at FDR p <0.05 (Supplementary table 12). Again, we were unable to find the
direction of association in Girganti et al published study to compare with ours. As expected,
findings from our TWAS and the published TWAS were more consistent with each other
than between our PWAS and the published TWAS, as the TWAS and PWAS can provide
independent information.

Based on published literature, these 11 genes are involved in several biological processes,
including vesicular trafficking (EXOC6%8, RAB27B8%9), signal transduction (PLCG1,
CTNND1, NCK138), neurotransmission, maintenance of excitatory neurons, and immune /
inflammation (CCBL2*0: 41). Specifically, CCBL2 is a transcriptional co-activator and plays
an important and dose-dependent role in neurodevelopment and maintenance of excitatory
forebrain neurons*2. Furthermore, CCBL2 is also known as kynurenine aminotransferase

3 (KAT3), which transaminates kynurenine to form kynurenic acid. Thus, CCBL2 is

an important factor in the kynurenine pathway, which interfaces between the immune /
inflammatory response and serotoninergic and glutamatergic neurotransmission4?: 41, Other
processes these genes are involved in include sugar metabolism (KHK38), cell-cell adhesion
(CTNND1R8), cell migration (LMODI, CDC42BPB®), cell survival (/INPP4A*3), and
mitochondrial function ( 7SFMP8). Among these genes, CTNVNDI was associated with

five psychiatric disorders (ADHD, autism spectrum disorder, major depressive disorder,
obsessive compulsive disorder, and schizophrenia) in GWAS** and is differentially
expressed in the brain in PTSD social-stress mouse model4®. Drug compounds targeting
these 14 genes have not been studied in clinical trials when we checked the Open Targets
database?®.

Our findings should be interpreted in light of the study’s limitations. First, we could examine
only 2179 brain proteins in the PWAS. This is because SNP-based heritability estimates for
proteins depend on the power for the study, which is dependent on the number of reference
brain proteomes. Currently, we had 525 human brain proteomes and future studies with a
larger number of human brain proteomes can have more power to identify heritable proteins
and thus more proteins will be examined in the PWAS. Second, we do not have measured
brain proteins in post-mortem brains of subjects with PTSD to further validate our findings
and this should be the focus of future studies. Nevertheless, we have a confirmatory PWAS
and two TWAS to provide multiple layers of validation for our findings. Third, we were
limited to studies of European-ancestry subjects due to the power of the available GWAS.
Fourth, the proportion of participants with PTSD also having MDD in the two published
PTSD GWAS that we used the summary statistics of is unknown. Hence, it is possible

that the identified genes for PTSD may contribute to MDD as well. However, this appears
to be limited as we only found 2 common causal genes between PTSD and MDD. Fifth,
PTSD is a heterogeneous syndrome that has overlapping symptoms with MDD or anxiety
disorders; hence interpretation of the findings should take this into consideration. Sixth, the
PTSD GWAS we used in the discovery PWAS focused on the continuous PTSD phenotype
(i.e., PTSD symptom severity) while the PTSD GWAS used in the confirmatory PWAS
focused on the binary PTSD phenotype (i.e., diagnosis of PTSD) as these were the largest
available GWAS. However, this is mitigated by the high phenotypic correlation (r = 0.86)
and very high genetic correlation (rg = 0.97) between the binary and continuous phenotype
of PTSDY, suggesting that they are likely influenced by the same genetic basis.
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This study has several strengths. First, this is the first PWAS of PTSD to the best of our
knowledge. We note that among the 7 potentially causal genes identified in the discovery
PWAS and replicated in the confirmatory PWAS, only 2 (29%) showed association at the
transcript level in the TWAS. This highlights the important insights afforded by studying
measured brain proteins. Second, we used a discovery and confirmatory study design to
enhance the level of confidence in our findings. Third, we performed two TWAS of PTSD
using 888 transcriptomes from the AMP-AD in the first TWAS and 452 brain transcriptomes
from the CommonMind Consortium in the second TWAS. These TWAS illuminate the
association at the transcript level and provide an additional layer of validation for the PWAS
findings. Fourth, this is the first study that performed both a PWAS and TWAS to gain more
insights in the action of genes at both the transcript and protein level.

In summary, we identified 11 genes for which we provided varying levels of support that
they contribute to PTSD pathogenesis via their c/s-regulated brain protein abundance. These
are promising targets for further mechanistic and therapeutic studies to find new effective
treatment for PTSD.

METHODS

Human brain proteomic and genetic data

The reference human brain proteomes were profiled from the dorsolateral prefrontal
cortex (dPFC) of post-mortem brain samples donated by participants of European descent
of the Religious Orders Study and Rush Memory and Aging Project (ROS/MAP)*’

and Banner Sun Health Research Institute (Banner) and have been described in detail
previously20: 21. 48,49 ROS/MAP participants provided informed consent, signed an
Anatomic Gift Act, and a repository consent to allow their data and biospecimens to

be repurposed. The studies were approved by an Institutional Review Board of Rush
University Medical Center. All Banner participants or their legal representatives signed an
informed consent and the study was approved by the Banner Sun Health Research Institute
Institutional Review Board.

Proteomic profiling was performed using isobaric tandem mass tag (TMT) peptide labeling
and analyzed by liquid chromatography coupled to mass spectrometry as described in detail
previously20: 21. 48,49 prior to TMT labeling, samples were randomized by age, sex, post-
mortem interval, cognitive diagnosis, and pathologies to prevent batch effect. Peptides from
each individual sample and the global internal standard were labeled using the TMT 10-plex
kit (ThermoFisher). High pH fractionation was performed as previously described with
slight modifications®. Database searches and protein quantification have been described in
detail here?1 48 Briefly, all raw files were analyzed using the Proteome Discoverer suite
(version 2.3 ThermoFisher Scientific) and MS2 spectra were searched against the canonical
UniProtKB Human proteome database downloaded in April 2015 for Banner proteomes and
in February 2019 for ROS/MAP proteomes. Percolator was used to filter peptide spectral
matches (PSM) and peptides to a false discovery rate (FDR) of less than 1%. Following
spectral assignment, peptides were assembled into proteins, which were further filtered
based on the combined probabilities of their constituent peptides to a final FDR of 1%.

In cases of redundancy, shared peptides were assigned to the protein sequence based on
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parsimony. Reporter ions were quantified from MS2 or MS3 scans using an integration
tolerance of 20 ppm with the most confident centroid setting.

The quality control of the proteomes has been described in detail previously2%: 21. 48, Briefly,
for each batch, the GIS were used to check for proteins outside of the 95% confidence
interval and set to missing. Proteomic analysis in ROS/MAP proteomes identified 12,691
proteins and in Banner proteomes identified 11,518 proteins. Proteins with missing values in
more than 50% of the subjects were excluded. Each protein abundance was then scaled by

a sample-specific total protein abundance to remove effects of protein loading differences,
and then log, transformed. Outlier samples were identified and removed through iterative
principal component analysis (PCA). In each iteration, samples more than four standard
deviations from the mean of either the first or second principal component were removed,
and principal components were recalculated for the next iteration. We used regression to
remove effects of protein batch, MS2 versus MS3 reporter quantitation mode, sex, age

at death, postmortem interval, study (ROS vs. MAP), and the final clinical diagnosis of
cognitive status from the proteomic profile before estimating the protein weights. After this
step, we generated a combined set of ROS/MAP and Banner proteomic profiles by scaling to
the mean and one unit of standard deviation.

Genotyping for subjects with proteomic data (and of European ancestry) was generated by
either whole genome sequencing (WGS) and/or genome-wide genotyping by either Illumina
OmniQuad Express or Affymetrix GeneChip 6.0 platforms for ROS/MAP subjects®?: 52,
We prioritized using WGS over genotyping where available and performed quality control
of WGS and genotyping data separately using Plink%3. Individuals from Banner were
genotyped using Affymetrix Precision Medicine Array using DNA extracted from brain
using Qiagen GenePure kit. We excluded individuals with genotyping missing rate >5%,
variants with Hardy Weinberg equilibrium p-value < 1E-08, variants with missing genotype
rate >5%, variants with minor allele frequency <1%, and variants that are not single
nucleotide polymorphisms (SNPs). Genotyping for each individual was imputed to the
1000 Genome Project Phase 3°* using the Michigan Imputation Server®® and SNPs with
imputation R? > 0.3 were retained. Genotyping was filtered to include 1,190,321 HapMap
SNPs from the 489 individuals of European descent from the 1000 Genomes Project!?,
which is provided by FUSION?® and often referred to as the linkage disequilibrium (LD)
reference panel. We used KING to remove individuals who were estimated to be closer than
second degree kinship®6. The sample outliers in population structures were identified and
removed by EIGENSTRAT. After quality control, 525 subjects with both proteomic and
genetic data were included in the analyses.

Human brain transcriptomic and genetic data

The 888 reference brain transcriptomes were profiled from post-mortem brain samples of
783 individuals of European descent recruited by the ROS/MAP, Mayo, and Mount Sinai
Brain Bank studies*”: 57: 58, The transcriptomes were mainly profiled from the dPFC and
also from frontal cortex, temporal cortex, inferior frontal gyrus, superior temporal gyrus,
and perirhinal gyrus. Alignment, quality control, and normalization of RNA-sequencing
data have been described in detail before20: 21. 59, Briefly, BAM files were converted to
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FASTQ format using Picard v.2.2.4, followed by alignment of reads to GRCh38 reference
genome using STAR v.2.4%0. Gene-level counts were computed using STAR. Genes with

< 1 count per million in at least 50% of the samples and with missing gene length and
percent GC content were removed. Outlier samples were removed. Effects of batch, sex,
post-mortem interval, age at death, final diagnosis of cognitive status, and brain region
were regressed from these transcriptomes. After quality control, 13,650 mMRNAS remained
and were considered for the TWAS. Genome-wide genotypes were generated as previously
described4”: 57: 58, and quality control of the genotypes was the same as was described
above.

Additionally, we used the mRNA weights calculated from the 452 transcriptomes
profiled from the dPFC from the CommonMind Consortium participants provided here
(gusevlab.org/projects/fusion?4) to perform the second TWAS of PTSD.

PTSD GWAS summary statistics

For the discovery PWAS, we used the summary statistics from the MVP PTSD GWAS/,
which included 186,689 participants of European descent. We used the summary statistics
of the GWAS of PTSD using the PCL total scorel’. For the confirmatory PWAS, we use
the summary statistics from the PGC-PTSD GWAS, which used the PTSD case control
phenotype and included 174,659 participants of European ancestry6.

Statistical approach

For the PWAS, we used FUSION (downloaded from http://gusevlab.org/projects/fusion on
May 2, 2019)1° to estimate protein weights. Briefly, we estimated SNP-based heritability
for each gene using protein data. For proteins with significant SNP-based heritability
(heritability p-value <0.01), we used FUSION to compute the effect of SNPs on protein
abundance using multiple predictive models (top1, blup, lasso, enet, bsimm)19, and the
most predictive model was selected. Likewise, for mRNA with significant SNP-based
heritability (heritability p-value <0.01), we used FUSION with modifications to estimate
mMRNA weights. The intention of our modifications of FUSION was to generate the most
predictive models of cortical brain transcript expression that were not unduly influenced
by either a single individual or a particular brain region. This approach was described and
evaluated in detail by Gockley et al?3 and is summarized here. First, we used the flag
-scale 1to handle pre-scaled expression values, as expression was scaled across individual
brain regions before filtering for matched genotype and combining across brain regions.
Second, we ensured that brain expression data from the same individual were included in
the same cross validation set and that no fold differed in size by more than 5% from any
other fold, and all individuals were only included once in testing the transcript expression
models. This cross-fold validation schema prevents information leakage between training
and validation folds during model assessment. For both PWAS and TWAS, FUSION was
used to combine the genetic effect of PTSD (i.e., PTSD GWAS Z-score) with the mRNA
or protein expression weights by calculating the linear sum of Zscore x weight for the
independent SNPs at the locus to perform a PWAS or TWAS®. The HLA region was
excluded due to its complex LD structure.
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Summary data-based Mendelian Randomization8 (SMR, downloaded from https:/
cnsgenomics.com/software/smr on May 22, 2019) was used to test whether the PWAS-
significant proteins from the FUSION approach mediate the association between genetic
variants and PTSD. We used Plink>3 to estimate protein quantitative trait loci (pQTL) in the
proteomic dataset by linear regression. Next, we used the pQTL results and the MVP PTSD
GWAS summary statistics to perform SMR18, We used the conservative unadjusted p-value
< 0.05 from Heterogeneity in Dependent Instrument (HEIDI) to suggest that presence of
linkage likely influences the main SMR findings. For the colocalization test, we used the
COLOC software?? to estimate the posterior probability of the protein and PTSD sharing

a causal variant (PP4), and the posterior probability of the protein and PTSD not sharing a
causal variant using the marginal association statistics.

A hypothesis-driven meta-analysis of the discovery and confirmatory PWAS was performed
using METALSL. We declared as replicated for genes with meta-analysis p-values lower
than the p-values of the discovery dataset and had the same direction of association in both
datasets.

Using human brain single-cell RNA-sequencing data from 24 cognitively normal donors
profiled from the dPFC from Mathys et al2°, we examined the cell-type specific expression
of the 11 potential PTSD causal genes. First, we performed data preprocessing and
transformation using the Seurat package version 3.1.2%2. Genes were removed if they

had fewer than 3 counts in a cell, and cells were removed if they had unique feature

counts over 2,500 or less than 200. The RNA counts were normalized and scaled using the
NormalizeData and ScaleData functions. We then focused on the 6 main cell types provided
by Mathys et al using FindMarkers function: excitatory neuron, inhibitory neuron, astrocyte,
microglia, oligodendrocyte, and pericyte. For the 11 PTSD causal genes, we performed
differential expression analysis to compare their expression levels in one cell type versus the
rest of the other cell types using Wilcoxon Rank Sum test to determine if they are highly
expressed in a particular cell type. For multiple testing correction, we used Bonferroni
adjustment for all 17,551 genes.

We accessed RNA microarray data from 6 neurotypical adults from the Allen Brain Atlas
data portal?’. The data have been normalized to allow comparison across genes. We focused
on expression for the 11 genes of interest in four PTSD-relevant regions - amygdala, anterior
cingulate cortex, hippocampus, and nucleus accumbens. The medial prefrontal cortex is

also considered PTSD-relevant, but microarray data were unavailable for this structure.

Each gene was represented on the microarray by at least two probes. For this heatmap,

we selected the single most abundant probe per gene and averaged the expression Z-scores
across samples for each gene and brain structure.

We used GeNets, a web platform for network-based genomic analyses, to investigate
networks based on protein-protein interaction (PP1) among the 11 causal proteins28. GeNets
used the PPI information from the InWeb3 database, a curated and computationally

derived PPI network of 420,000 PPIs of high and lower probability interactions®3. GeNets
implements an algorithm originally presented in Clauset et al® that identifies so-called
communities in a set of genes. A community is a set of genes that are more connected to

Mol Psychiatry. Author manuscript; available in PMC 2022 October 21.


https://cnsgenomics.com/software/smr
https://cnsgenomics.com/software/smr

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wingo et al.

Page 14

one another than they are to other groups of genes. Additionally, GeNets enables gene set
enrichment analysis on genes within a PPI network using the canonical pathways from 2199
gene sets in the MSigDB2°. GeNets applied a hypergeometric test to obtain p-value for the
gene set enrichment and used Bonferroni correction to adjust for multiple hypothesis testing.

We used linkage disequilibrium score regression (LDSC)®% to estimate genetic correlation
between major depressive disorder and PTSD using the summary statistics from the latest
depression GWAS33 and the MVP PTSD GWASY’.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Gene CHR Z p FODR | SMRp HEIDIp Causal | PP4 | COLOC
KHK 2 49 | 8.0E-07 | 1.7E-03 | 1.9E-06 | 7.5E-01 | yes 0.99 yes
PLCG1 20 45 | 6.9E-06 | 5.3E-03 | 5.9E-04 | 2.7E-01 | yes 0.55 yes
CTNND1 1 45 | 7.4E-06 | 5.3E-03 | 6.3E-04 | 2.8E-01 | yes 0.97 yes
NCK1 3 44 | 1.1E-05 | 6.1E-03 | 5.1E-04 | 3.6E-02 no 0.97 yes
TSFM 12 4.3 1.6E-05 | 6.9E-03 | 7.3E-05 | 1.9E-01 yes 0.85 yes
CCBL2 1 42 | 2.5E-05 | 8.9E-03 | 8.7E-05 | 6.0E-01 | yes 0.83 yes
RAB27B 18 4.1 3.7E-05 | 1.1E-02 | 5.9E-04 | 3.2E-01 | yes 0.70 yes
EXOC6 10 40 | 58E-05 | 1.5E-02 | 7.1E-04 | 3.5E-01 | yes 0.81 yes
INPP4A ; 40 | 6.3E-05 | 1.5E-02 | 1.2E-03 | 4.4E-01 | yes 0.72 yes
KIF2A 5 3.9 | 8.4E-05 | 1.7E-02 | 5.7E-02 na no 0.03 no
MAPRE3* 2 3.9 | 9.6E-05 | 1.7E-02 | 1.0E-02 na no 0.45 no
LMOD1 1 3.9 | 9.7E-05 | 1.7E-02 | 45E-03 | 5.9E-01 | yes 0.51 yes
CcDC42BPB | 14 3.8 | 1.7E-04 | 2.8E-02 | 1.3E-03 | 2.8E-01 | vyes 0.74 yes

*Dropped gene based on results of conditional analysis for genes within 500 kb of each other
na refers to proteins with insufficient numbers of pQTLs to perform the HEIDI test

Figure 2: Results of the discovery PWAS of PTSD.
2A: Manhattan plot for the discovery PWAS of PTSD, which identified 13 genes whose cis-

regulated brain protein abundances were associated with PTSD at FDR p<0.05. 2B: Table
for the results of the discovery PWAS of PTSD, followed by Mendelian randomization,
HEIDI, and COLOC. Among these 13 genes, 1 was dropped (marked with asterisk) due to
not being jointly significant when it was considered with another gene within 500 kb of its
location in the conditional analysis. Among the remaining 12 genes, 11 were consistent with
being causal based on Mendelian randomization and HEIDI or COLOC.
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Figure 3: Bar graph of single-cell-type enrichment for the 11 potential PT SD causal genes.
Among these genes, seven were enriched in a particular cell type at Bonferroni adjusted p <

0.05 (adjusted for 17,551 genes). Depicted here is the average log fold enrichment for each
gene by each brain cell type. Data were from human brain single nuclei RNA-sequencing
from the dPFC from Mathys et al, 2019. The x-axis shows the average log fold change for
expression of the gene in the particular cell type versus the rest of the other cell types. The
y-axis shows the gene name. The full statistics are presented in Supplementary Table 7.
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Fig_ure 4: Expression of the 11 potential PTSD causal genesin different PTSD-relevant brain
regions.

nge accessed microarray expression data from 6 neurotypical adults from the Allen Brain
Atlas data portal. The data have been normalized to allow comparison across genes. We
focused on expression for the 11 genes of interest in four PTSD-relevant regions (amygdala,
anterior cingulate cortex, hippocampus, and nucleus accumbens). The medial prefrontal
cortex is also considered PTSD-relevant, but microarray data were unavailable for this
structure. Each gene was represented on the microarray by at least two probes. For this
heatmap, we selected the single most abundant probe per gene and averaged the expression
Z-scores across samples for each gene and brain structure. The higher Z score indicates
higher expression in that brain region.

Mol Psychiatry. Author manuscript; available in PMC 2022 October 21.

Z-score
2.0

1.5

1.0

0.5

0.0

-1.0

-1.5



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wingo et al.

Table 1:

Page 23

Results of the confirmatory PWAS of PTSD, followed by a meta-analysis of the discovery and confirmatory

PWAS for the 11 causal proteins. Seven of the 11 proteins (64%) replicated. Replication was defined has

having the meta-analysis p-value smaller than that from both the discovery and replication PWAS and in the
same direction of association.

Discovery PWAS Confirmatory PWAS Meta-analysis Replicated
Gene | Causal | z | p | FDR z p p Direction
1 | KHK yes 4.9 | 8.0E-07 | 0.002 2.5 0.01 3.8E-08 ++ yes
2 | PLCG1 yes -4.5 | 6.9E-06 | 0.005 -2.6 0.01 2.0E-07 -- yes
3 | CTNND1 yes -45 | 7.4E-06 | 0.005 -3.1 0.00 4.7E-08 - yes
4 | NCK1 yes 4.4 | 1.1E-05 | 0.006 -1.1 0.25 1.7E-03 +- no
5 | TSFM yes 4.3 | 1.6E-05 | 0.007 0.8 0.43 4.4E-05 ++ no
6 | CCBL2 yes -4.2 | 2.5E-05 | 0.009 -2.8 0.01 4.7E-07 - yes
7 | RAB27B yes 4.1 | 3.8E-05 | 0.012 -0.7 0.47 1.7E-03 +- no
8 | EXOC6 yes -4.0 | 5.9E-05 | 0.015 -1.3 0.18 3.7E-05 -- yes
9 | INPP4A yes -4.0 | 6.3E-05 | 0.015 -2.2 0.03 5.3E-06 - yes
10 | LMOD1 yes -3.9 | 9.7E-05 | 0.017 0.5 0.64 2.1E-03 -+ no
11 | CDC42BPB yes 3.8 | 1.7E-04 | 0.028 21 0.04 1.7E-05 ++ yes
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Association between PTSD and the c/s-regulated mRNA levels of the 11 causal proteins identified in the
discovery PWAS. Of note, the discovery PWAS was based on MVP (symptom severity scale), the replication
PWAS was based on PGC (case-control study), and the TWASs were based on MVP (symptom severity scale).

Novel genes indicate genes not located within 1 Megabase of the MVP PTSD GWAS SNPs with p < 5x1078,

Discovery Confirmatory TWAS (AMP-

Gene PWAS PWAS AD) TWAS(CMC) | Novel genes | Confidencelevel
1| CCBL2 causal replicated significant significant yes very high
2 | EXOC6 causal replicated - significant yes very high
3 | INPP4A causal replicated - - yes high
4 | CDC42BPB causal replicated - - yes high
5 | KHK causal replicated - - yes high
6 | PLCG1 causal replicated - - yes high
7 | CTNND1 causal replicated - - yes high
8 | TSFM causal no significant significant yes high
9 | NCK1 causal no - significant yes high

10 | RAB27B causal no - - no moderate
11 | LMOD1 causal no not significant not significant yes low

“-” indicates genes not present in the TWAS due to not having significant SNP-based heritability. “replicated” indicates that the p-value from the
meta-analysis was smaller than those from both the discovery and confirmatory PWAS.

Mol Psychiatry. Author manuscript; available in PMC 2022 October 21.



	Abstract
	RESULTS
	Discovery PWAS of PTSD
	Confirmatory PWAS of PTSD
	Examining the potential PTSD-causal genes at the transcript level
	Cell-type specific expression of the potential PTSD causal genes
	Expression of potential PTSD causal genes in other brain regions
	Protein-protein interaction network analysis
	Novelty of these PTSD causal genes
	PTSD and MDD have shared potential causal genes
	Level of evidence for the potential PTSD causal genes

	DISCUSSION
	METHODS
	Human brain proteomic and genetic data
	Human brain transcriptomic and genetic data
	PTSD GWAS summary statistics
	Statistical approach

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1:
	Table 2:

