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Abstract 

Background and Aims 

The physical, emotional, and social impacts of opioid abuse are well known; although preclinical 

models reveal the neurobiological pathways altered through opioid abuse, comprehensive 

assessments of gene expression in human brain samples are lacking. The goals of the present 

study were to compare gene expression in the prefrontal cortex between brain samples of 

individuals who died of acute opioid intoxication and group-matched controls, and to test if 

differential gene expression was enriched in gene sets related to opioid use. 

Design 

Cross-sectional study using human brains donated to the Lieber Institute for Brain Development. 

Study groups included 72 brain samples from individuals who died of acute opioid intoxication, 

53 group-matched psychiatric control samples, and 28 group-matched normal control samples. 

Setting 

Maryland, USA. 

Participants 

Postmortem tissue samples of the dorsolateral prefrontal cortex from 153 deceased individuals 

(Mage = 35.42, SD = 9.43 years; 62% male; 77% White). 

Measurements 

Whole transcriptome RNA sequencing was used to generate exon counts, and differential 

expression was tested using limma-voom. Analyses controlled for relevant sociodemographic 

characteristics, technical covariates, and cryptic relatedness and batch effects using quality 

surrogate variable analysis. Gene set enrichment analyses (GSEA) also were conducted. 

Findings 
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Sixteen genes were differentially expressed (i.e., FDR-corrected p < .10) in opioid samples 

compared to control samples. The top differentially expressed gene, NPAS4 (FDR adjusted p = 

.005), was downregulated in opioid samples and has previously been implicated in cocaine use. 

Enrichment analyses did not provide evidence for enrichment in pathways obviously related to 

opioid use. 

Conclusions 

NPAS4 is differentially expressed in the prefrontal cortex of subjects that died of  an opioid 

overdose, providing evidence for another gene with functional relevance to opioid use and 

overdose. 
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Introduction 

 According to the Centers for Disease Control and Prevention (CDC), more than 80% of 

drug overdose deaths involve opioids (1). Moreover, the use of illicitly manufactured fentanyl is 

rising, with two-thirds of opioid-related overdose deaths involving synthetic opioids (2). In 

addition to the loss of life, opioid abuse is estimated to cost society as much as $78.5 billion per 

year (3). The individual and societal costs of opioid abuse underscore the need to clarify the 

molecular underpinnings of opioid misuse, which will aid in the development of therapeutic 

targets and subsequent interventions to effectively treat opioid use disorder (OUD). Although 

preclinical models are an essential first step in understanding the neurobiological mechanisms 

underlying opioid abuse, examination of gene expression in human brain tissue is critical to 

accurately characterize neurobiological differences between opioid users and non-users (4). The 

goal of the present study was to compare genome-wide patterns of gene expression in the 

dorsolateral prefrontal cortex (dlPFC) of postmortem human adult brains among individuals who 

died of acute opioid intoxication and group-matched controls. The dlPFC was selected based on 

preclinical and clinical evidence demonstrating its role in addiction (5–7). 

 Research examining the neurobiology of opioid abuse has focused primarily on 

dopaminergic and glutamatergic neurotransmission within the nucleus accumbens (NAc) and 

prefrontal cortex (PFC) (7,8). Similar to other drugs of abuse, opioids exert their initial influence 

on addiction through a surge in dopamine within the NAc (5). Specifically, opioids activate µ-

opioid receptors, disinhibiting neuron firing and leading to substantial increases in dopamine 

neurotransmission within the NAc (9). Prolonged use of opioids is also associated with similar 

changes in glutamatergic transmission (7); these changes are associated with cue reactivity (i.e., 

cravings) (10), deficits in learning, memory, and attention (11), and increased impulsivity, which 
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can last for years after abstinence (12). Moreover, evidence demonstrates that the PFC and NAc 

interact in a manner such that dopamine-related adaptations in the PFC influence behavioral 

responses to drug-related stimuli, while simultaneous glutamate-related adaptations in the NAc 

contribute to compulsive drug-seeking behavior (6). These findings underscore the 

interdependence of these brains regions and value in exploring changes in gene expression and 

function within the PFC as a result of opioid abuse. 

Although the molecular pathways and neurocognitive consequences of opioid abuse are 

well studied, changes in gene expression driving these adaptations are less well characterized. To 

date, only one study has examined genome-wide differences in gene expression in the human 

brain between opioid users and controls (13). The authors found 545 differentially expressed 

genes (FDR adjusted p < .10) in the midbrains of deceased opioid users, and the majority of 

these genes were protein coding genes that were upregulated. The study was limited, however, in 

that analyses did not adjust for cell composition or comorbid psychiatric diagnoses. The current 

study builds upon prior work in two ways. First, this analysis focuses on gene expression in the 

dlPFC. Although gene expression has been studied in the midbrain (13), and both the midbrain 

and dlPFC are implicated in addiction, evidence suggests that gene expression varies across brain 

regions (14). Second, the present analysis contains data on cell composition and comorbid 

psychiatric diagnosis, accounting for primary sources of confounding. Results will clarify 

patterns of gene expression in the PFC as a result of opioid overdose, informing subsequent 

efforts to identify therapeutic targets. 

Methods 

Participants and Procedure 
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Postmortem brain samples were donated to the Lieber Institute for Brain Development 

from the Offices of the Chief Medical Examiner of the State of Maryland (MDH protocol #12-

24) and of Western Michigan University Homer Stryker School of Medicine, Department of 

Pathology (WIRB protocol #1126332); One brain sample was acquired through a material 

transfer agreement from the National Institute of Mental Health (NIMH; donated through the 

Office of the Chief Medical Examiner of the District of Columbia: protocol NIMH#90-M-0142), 

all with the informed consent of legal next-of-kin at the time of autopsy. The present study 

contained 160 postmortem human brain samples (Mage = 35.15, SD = 9.42 years; 62% male; 78% 

White). Tables 1 and 2 provide detailed information on the study samples. Five psychiatric 

controls were removed for testing positive for an opioid at time of death, and one opioid sample 

and an additional psychiatric control were removed due to mismatching observed and predicted 

sex. The analytic sample contained 153 samples, consisting of 72 opioid-positive samples, 53 

group-matched psychiatric controls, and 28 group-matched controls. 

At the time of donation, a 36-item next-of-kin informant telephone screening was 

conducted to obtain medical, social, demographic, and psychiatric history. Macroscopic and 

microscopic neuropathological examinations were conducted on every case by a board-certified 

neuropathologist to exclude for neurological problems, neuritic pathology, or cerebrovascular 

accidents. A retrospective clinical diagnostic review was conducted on every brain donor, 

consisting of the telephone screening, macroscopic and microscopic neuropathological 

examinations, autopsy and forensic investigative data, forensic toxicology data, extensive 

psychiatric treatment, substance abuse treatment, and/or medical record reviews, and whenever 

possible, family informant interviews. 
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All data were compiled into a comprehensive psychiatric narrative summary that was 

reviewed by two board-certified psychiatrists in order to arrive at lifetime DSM-V psychiatric 

diagnoses (including substance use disorders/intoxication) and medical diagnoses. Non-

psychiatric healthy controls were free from psychiatric and substance use diagnoses, and their 

toxicological data were negative for drugs of abuse. Every brain donor had forensic toxicological 

analysis, which typically covered ethanol and volatiles, opiates, cocaine/metabolites, 

amphetamines, and benzodiazepines. Some donors also received supplemental directed 

toxicological analysis using National Medical Services, Inc., including nicotine/cotinine testing, 

cannabis testing, and the expanded forensic panel in postmortem blood (or, in rare cases, in 

postmortem cerebellar tissue) in order to cover any substances not tested. The following 

substances were considered opioids: codeine, morphine, oxycodone, hydrocodone, 

oxymorphone, hydromorphone, methadone, fentanyl, 6-monoacetylmorphine, and tramadol. 

RNA Measurement and Preprocessing 

RNA was concurrently extracted with DNA from 100mg of dlPFC tissue using the 

QIAGEN AllPrep DNA/RNA Mini Kit. Paired-end strand-specific sequencing libraries were 

prepared from 300ng total RNA using the TruSeq Stranded Total RNA Library Preparation kit 

with Ribo-Zero Gold ribosomal and mitochondrial RNA depletion. Resulting RNA-seq libraries 

were sequenced on an Illumina HiSeq 3000 at the Lieber Institute for Brain Development 

Sequencing Core. Raw sequencing reads were processed into gene counts using a previously 

described pipeline (15). Briefly, reads were aligned to the genome using HISAT2 (16) and the 

58,037 Gencode v25 genes were quantified from resulting alignments using featureCounts using 

paired-end stranded counting (17). We calculated the reads per kilobase of transcript, per million 

mapped reads (RPKM) from these counts, and genes with an average RPKM < .20 were 
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excluded from analysis. This resulted in 25,644 genes used in the differential expression 

analysis. We then calculated principal components (PCs) and examined correlations between the 

PCs and phenotypic and technical covariates. The first two principal components, accounting 

25.7% of variance in the data, were significantly correlated with all technical covariates (e.g., 

overall mapping rate, RNA integrity number [RIN]), and the first PC was significant correlated 

with observed sex. Thus, these variables were included among the list of covariates in the 

differential expression analysis. 

Statistical Methods 

 Differential expression. Group-wise differences in gene expression between opioid-

positive samples and controls were tested in R version 3.6.1 (18) using limma-voom (19). 

Specifically, a linear model was fit where gene expression was regressed on opioid use status 

(yes/no) across each of 25,644 expressed genes. The model adjusted for the following covariates: 

diagnosis of a psychiatric disorder other than a substance use disorder (yes/no), age of death, sex, 

postmortem interval (PMI), cell composition (i.e., % positive neurons), sex, race (Black vs. 

White), seven technical covariates (e.g., RIN), and 10 surrogate variables identified through 

quality surrogate variable analysis (qSVA) (20). Analyses were corrected for multiple testing and 

statistical significance was determined by an FDR corrected p-value < .10 (21). 

 Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was conducted to 

explore in which biological pathways, or gene sets, enrichment of differential gene expression 

existed. Following procedures outlined by Reimand et al. (22), we extracted differential 

expression results (i.e., gene symbols, log fold-change [logFC], nominal p-values) comparing 

opioid and control samples and created a ranked list of all genes included in our experiment (n = 

25,644). We ranked genes by first obtaining values of 1, 0, and -1 representing logFC values 
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above, at and below 0, respectively. We then multiplied these values by the -log10 nominal p-

value. This resulted in a ranked list, where the most strongly upregulated genes were at the top of 

the list and the most strongly downregulated genes were at the bottom. We used GSEA 

Preranked (23,24) to conduct the enrichment analysis. Specifically, we tested for enrichment 

within all Gene Ontology (GO) pathways (i.e., biological processes, cellular component, and 

molecular function), with at least 5 (and no more than 200) genes within each pathway (8,544 

total gene sets). A normalized enrichment score (NES) was calculated for each pathway, and a 

permutation-based p-value (based on 1,000 permutations) was calculated and corrected for 

multiple testing, resulting in a false-discovery rate (FDR) adjusted p-value for each pathway. 

Statistical significance for enrichment within each pathway was determined by an FDR adjusted 

p-value < .10. 

Results 

Differential Gene Expression 

To ascertain differences in gene expression between opioid positive samples compared to 

controls, we performed RNA-sequencing on postmortem brain specimens from those who died 

of acute opioid intoxication (n = 72) and group-matched controls (n = 81), as described in the 

Methods. Differential expression analysis revealed 16 genes that survived multiple test 

correction (i.e., adj. p < .10; see Figure 1), 13 of which were downregulated and three that were 

upregulated. The top 20 differentially expressed genes are presented in Table 3. Among the top 

differentially expressed genes, we identified NPAS4 (log2 fold change = -2.53, adj. p = .005), 

which is implicated in cocaine use (25). There were several other genes that reached or 

approached significance and are relevant to opioid use. Specifically, we detected two Regulator 

of G-Protein Signaling genes (RGS2, adj, p = .069; RGS5, adj. p = .108), one protocadherin gene 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 23, 2020. ; https://doi.org/10.1101/2020.12.23.424239doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.23.424239
http://creativecommons.org/licenses/by-nd/4.0/


DIFFERENTIAL EXPRESSION OF NPAS4 AFTER OPIOID USE 7 
 

(PCDHB12; adj. p = .108) and an immediate early gene, EGR4 (adj. p = .082). Lastly, since the 

present analysis was able to account for potential key confounders in psychiatric diagnosis and 

cellular composition, we examined the influence of these covaries on differential expression. 

There was no evidence of differential gene expression as a result of a psychiatric diagnosis other 

than a substance use disorder, or by cellular composition (adj. p’s  > .10; see Figure 2). 

Gene Set Enrichment Analysis 

 Among the most highly expressed genes in the analysis, 10 gene sets were enriched at an 

FDR corrected p-value < .10 (see Table 4). The top GO pathway was related to Bone 

Morphogenetic Protein (BMP) receptor signaling and no other pathways appeared to be related 

to opioid use. Among the most strongly downregulated genes in the analysis, 23 gene sets were 

enriched at an FDR corrected p-value < .10 (see Table 5). The top GO pathways were related to 

protein binding and folding, respectively, and no other pathways appeared to be related to opioid 

use. 

Replication of Prior EWAS 

 In an attempt to validate prior findings, we compared the effect sizes (i.e., log2 fold 

change) of the top genes identified by Saad et al. (13) to the effect sizes of those same genes in 

the present analysis. Among the 545 genes differentially expressed in their study, 55 genes were 

not sequenced in our analysis and 15 did not survive our quality control, leading to 490 genes 

that overlapped across studies. As can be seen in Figure 3, most differentially expressed genes, 

including NPAS4, were upregulated in Saad et al.’s analysis, whereas most of those genes were 

slightly downregulated in our analysis. Moreover, it is notable that most of these genes did not 

reach FDR significance in our study, even though effect sizes did not vary by a large magnitude.  

Discussion 
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 The goal of this study was to examine genome-wide differences in gene expression 

within the human dlPFC following acute opioid intoxication. We detected 16 FDR-significant 

differentially expressed genes between opioid-positive and control samples. Among these genes 

was NPAS4, which has been identified in preclinical work related to cocaine use (25). Several 

other genes (RGS2, RGS5, EGR4) previously implicated in opioid and cocaine use (26,27) were 

among the top-ranking genes in our analysis. Gene set enrichment analyses did not reveal 

enrichment of gene expression within known opioid-relevant gene sets. Nonetheless, the present 

findings advance our understanding of gene expression affected by opioid overdose and potential 

targets for therapeutic intervention. 

 The results support acute opioid intoxication affecting expression of genes directly linked 

to substance use behaviors. The primary finding from this study was that NPAS4 was 

differentially under-expressed in opioid samples compared to controls. Neuronal PAS domain 

protein 4 (NPAS4) is a protein coding gene that influences expression of brain-derived 

neurotrophic factor (BNDF) (28). It has been shown to control GABAnergic synapse 

development in an activity-dependent manner, and GABAergic deficits have been implicated in 

psychiatric disorders such as substance use disorders and major depressive disorder (29). Recent 

work examining the NAc of Sprague Dawley rats showed that cocaine inhibits HDAC5 – a 

histone deacetylase enzyme – from entering the cell nucleus and limits production of Npas4; 

subsequent up-regulation of Npas4 is associated with increased drug-environment associations 

(25). Interestingly, NPAS4 was downregulated in the present analysis. Preclinical evidence 

suggests that acute opioid use is associated with upregulation of Npas4 (27,30). However, 

preclinical studies of methamphetamine use suggest that Npas4 is significantly downregulated 

hours after initial upregulation (31). The reasons for the discrepancy in findings related to 
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NPAS4 make interpretation of this finding difficult. It is possible that the opioid users in the 

present sample were chronic users, but psychiatric histories obtained for the samples only 

indicated lifetime diagnosis of psychiatric disorders. 

 It also is interesting to note several other genes implicated in substance use that were 

significant (i.e., FDR adjusted p ≤ .10). Specifically, PCDHB12, RGS2, and EGR4 were among 

the top differentially expressed genes in our analysis. Protocadherin Beta 12 (PCHDB12) is a 

gene within the protocadherin gene cluster; this gene cluster is responsible for intracellular 

signaling and cell adhesion. Prior work examining nicotine withdrawal in humans discovered 

that a variant (rs31746) within the PCDH-α, -β, -γ gene cluster was associated with nicotine 

cravings and likelihood of relapse based on self-reported smoking behavior. Furthermore, this 

variant was associated with differential expression of the PCDHβ8 gene in postmortem PFC 

tissue of humans (32). Although there is no other evidence of differential expression of 

protocadherin genes in relation to opioid use, the present findings suggest they may play a role in 

acute opioid intoxication.  

 The detection of differential expression among regulator of G protein signaling 2 and 5 

(RGS2, RGS5) genes are particularly relevant given their known G-protein coupled receptors, 

namely µ-opioid receptors (33). Sutton et al. (33) demonstrated that, in response to morphine 

administration, deletion of Rgs7 increased reward and analgesia, while heightening withdrawal, 

in mice. Further exploration of RGS2 and RGS5 is warranted as these genes may be reasonable 

targets for medications to treat OUD. Lastly, detection of differential expression in early growth 

response gene 4 (EGR4) is interesting given the role of immediate early genes. Immediate early 

genes are responsible for encoding transcription factors, which can interact with gene promoters 

to effect changes in gene expression at downstream genes (27). Preclinical evidence suggests that 
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Egr1, which is in the same gene family at EGR4, is differentially expressed in the forebrain of 

mice after morphine administration (34). Further examination of these genes and their potential 

role in opioid abuse is warranted and may elucidate alternative mechanisms through which 

opioid dependence, cravings, and other drug-related behaviors develop and persist. 

Strengths and Limitations 

 The primary strength of this study is the assessment of gene expression in the dlPFC of 

human subjects. To date, only one other published study (13) has assessed gene expression in 

brains of human opioid users, focusing on the midbrain. Although the top 100 differentially 

expressed genes did not overlap with those in Saad et al.’s study, our samples reflect gene 

expression following an overdose (as opposed to chronic use), which may explain some of the 

lack of concordance in differentially expressed genes between the two studies. Nonetheless, 

these findings shed light on patterns of gene expression in a different brain region implicated in 

opioid use disorders. Additional work with postmortem samples will clarify similarities and 

differences in gene expression across brain regions implicated in addiction. Another strength of 

this study is the use of transcriptome-wide analysis of gene expression. This allows for a more 

complete view of the influence of opioid use on gene expression outside of candidate genes such 

as µ-opioid receptors. Lastly, the study benefitted from the inclusion of cellular composition and 

a sample of group-matched psychiatric controls. Although the current findings do not provide 

evidence for their direct influence on gene expression, inclusion of these variables accounts for 

key confounders that allows for a more accurate analysis and interpretation of the association 

between opioid use and gene expression. 

 This study also has several limitations to consider when interpreting the findings. First, 

although opioid users died of acute opioid intoxication and were determined to have a lifetime 
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diagnosis of OUD, the course of opioid misuse among those individuals remains unclear (e.g., 

age of onset, frequency of use). This presents a challenge in teasing out effects due to chronic 

versus acute opioid misuse. Examination of tissue within a single brain region also present a 

minor limitation in interpretation of results. Although the PFC is implicated in addiction, the 

NAc is often the focus in studies of addiction (5,6). Given the link between the PFC and NAc in 

addiction, it will be important to replicate the current study across various brain regions. Lastly, 

future studies will benefit from more racially and ethnically diverse samples, as well as samples 

including individuals across various developmental stages. The latter, in particular, may 

elucidate differential effects of opioid abuse depending on brain maturation and aging. 

Conclusions 

 This study represents the first genome-wide analysis of gene expression in the dlPFC of 

opioid users and group-matched controls. Evidence suggests that opioid use is associated with 

differential expression of several genes, including NPAS4, which is implicated in drug cravings 

and drug-environment cues. Additional genes implicated in substance abuse provide promising 

avenues for continued research. Future studies examining chronic versus acute opioid use and 

polysubstance use, and those with larger, more racially and developmentally diverse samples will 

clarify these associations and aid in determining the value of differentially expressed genes as 

therapeutic targets for substance use disorders. 
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Table 1 

Sample Demographic Information 

 Full Sample (n = 160) Analytic Sample (n = 153) 

Demographic Categories n (%) Mean (SD) n (%) Mean (SD) 

Sex     

     Female 61 (38%) - 58 (38%) - 

     Male 99 (62%) - 95 (62%) - 

Race     

     African American 35 (21.9%) - 35 (23%) - 

     European American 124 (77.5%) - 118 (77%) - 

     Multi-Racial 1 (0.6%) - - - 

Diagnosis Type     

     Normal Control 28 (17.5%) - 28 (17.5%) - 

     Opioid User 73 (45.6%) - 72 (45.6%) - 

     Psychiatric Control 59 (36.9%) - 53 (36.9%) - 

Age of Death   - 35.13 years (9.42) - 35.42 years (9.43) 

Postmortem Interval - 27.35 hours (9.65) - 27.42 hours (9.60) 

Note. Five psychiatric controls were removed due to testing positive for an opioid at time of death. Two 

samples were removed due to mismatching predicted and observed sex. 
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Table 2 

Primary Psychiatric Diagnosis by Study Group (n = 153) 

Psychiatric Diagnosis 
Psychiatric 

Controls 

Opioid 

Users 

Normal 

Controls 

     Attention-Deficit/Hyperactivity Disorder (ADHD) 0 2 - 

     Anxiety 0 1 - 

     Bipolar Disorder 19 17 - 

     Unspecified Bipolar Disorder 0 1 - 

     Unspecified Depressive Disorder 1 6 - 

     Major Depressive Disorder 33 27 - 

     Neurological Disorder 0 1 - 

     Obsessive Compulsive Disorder (OCD) 0 2 - 

     Eating Disorder 0 1 - 

     Posttraumatic Stress Disorder (PTSD) 0 1 - 

     Schizophrenia 0 3 - 

     Substance Use Disorder (SUD) 0 10 - 

Total (153) 53 72 28 
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Table 3 

Top 20 Differentially Expressed Genes 

UCSC         

Gene Symbol 

Average 

Expression 

Log Fold-

Change 
p-value 

FDR adjusted   

p-value 

NPAS4 .340 -2.583 2.22E-07 .005 

RP11-667K14.3 -1.184 -1.455 3.70E-07 .005 

RP11-709D24.8 .973 -.421 3.68E-06 .031 

ISG20L2 4.027 -.176 1.22E-05 .057 

ZNF184 5.260 -.212 1.33E-05 .057 

SNORA53 2.896 .744 1.24E-05 .057 

RP11-667K14.4 -1.652 -1.165 1.59E-05 .058 

RGS2 4.637 -.530 2.15E-05 .069 

CENPF 2.683 -.365 4.01E-05 .075 

HES1 2.900 .458 3.37E-05 .075 

GPR22 5.890 -.167 3.46E-05 .075 

GATC 5.240 -.253 3.67E-05 .075 

AP000432.1 -.903 -.701 4.07E-05 .075 

MT-ND1 9.283 .290 2.73E-05 .075 

RP4-569M23.4 .629 -.333 4.73E-05 .081 

EGR4 1.122 -.810 5.13E-05 .082 

PCDHB12 3.627 .167 7.01E-05 .100 

RP11-395G23.3 3.270 -.263 7.04E-05 .100 

RGS5 7.268 .168 1.26E-04 .108 

PTGS2 3.821 -.610 1.39E-04 .108 

Note. Average expression refers to average log2-expression for the probe over all arrays and 

channels. 
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Table 4 

 

Significant Results from Gene Set Enrichment Analysis (Upregulated Genes) 

GO ID; Ontology Term Adj. p-value 

GO:0030510; BP Regulation of BMP Signaling Pathway .057 

GO:0044224; CC Juxtaparanode Region of Axon .067 

GO:0098803; CC Respiratory Chain Complex .076 

GO:0062009; BP Secondary Palate Development .087 

GO:0030513; BP Positive Regulation of BMP Signaling Pathway .088 

GO:0045747; BP Positive Regulation of Notch Signaling Pathway .089 

GO:0003158; BP Endothelium Development .093 

GO:0045275; CC Respiratory Chain Complex III .096 

GO:0003222; BP Ventricular Trabecular Myocardium Morphogenesis .099 

GO:0021889; BP Olfactory Bulb Interneuron Differentiation .099 

Note. BP = biological processes; CC = cellular component; MF = molecular function. 

Significance was determined by an FDR corrected p-value < .10. 
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Table 5 

 

Significant Results from Gene Set Enrichment Analysis (Downregulated Genes) 

GO ID; Ontology Term FDR p-value 

GO:0051082; MF Unfolded Protein Binding .002 

GO:0006458; BP De Novo Protein Folding .002 

GO:0061077; BP Chaperone Mediated Protein Folding .007 

GO:0044183; MF Protein Folding Chaperone .007 

GO:0042026; BP Protein Refolding .017 

GO:0042273; BP Ribosomal Large Subunit Biogenesis .018 

GO:0030684; CC Pre-ribosome .018 

GO:0051085; BP Chaperone Cofactor Dependent Protein Refolding .019 

GO:0036499; BP Perk Mediated Unfolded Protein Response .019 

GO:0006376; BP mRNA Splice Site Selection .020 

GO:0033549; MF Map Kinase Phosphatase Activity .021 

GO:0032743; BP Positive Regulation of Interleukin 2 Production .023 

GO:0030728; BP Ovulation .024 

GO:0035966; BP Response to Topologically Incorrect Protein .027 

GO:0000188; BP Inactivation of MAPK Activity .029 

GO:0101031; CC Chaperone Complex .030 

GO:003662; MF Pre mRNA Binding .040 

GO:0045292; BP mRNA Cis Splicing Via Spliceosome .044 

GO:0051131; BP Chaperone Mediated Protein Complex Assembly .046 

GO:0051412; BP Response to Corticosterone .056 

GO:0070202; BP Regulation of Establishment of Protein Localization to Chromosome .088 

GO:0042255; BP Ribosome Assembly .091 

GO:0044342; BP Type B Pancreatic Cell Proliferation .093 

Note. BP = biological processes; CC = cellular component; MF = molecular function. Significance was 

determined by an FDR corrected p-value < .10. 
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Figure 1 

Volcano Plot of Differentially Expressed Genes 

 
 

Note. Horizontal line indicates an FDR-corrected p-value of .10 and vertical lines represent a log2 fold change greater or less than     

+/- 1.5. 
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Figure 2 

 

QQ-plots for Psychiatric Diagnosis and Cellular Composition Covariates 

 

 

       Cellular Composition (λ = .96)             Psychiatric Diagnosis (λ = 1.07) 
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Figure 3 

 

Comparison of Log2 Fold Change in Differentially Expressed Genes Shared with Saad et al. 2020 

 

 
            

            

             

Note. The solid line indicates a slope of 1, meaning that if effect sizes were identical across studies they would fall along the solid line. 
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