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Abstract 

Schizophrenia (SCZ) is a severe psychiatric disorder affecting 0.7% of the population.[1] When 
inadequately treated, subjects with SCZ experience symptoms that render them dysfunctional and 
unable to discern aspects of reality. Despite the fact that the majority of subjects with SCZ are 
sporadic cases and do not have a known family history of SCZ, a family history is one of the largest 
risk factors for developing SCZ.[2-4] A large genome-wide association study (GWAS) recently 
pinpointed 108 significant loci within the human genome that contribute to SCZ pathogenesis.[5] 
While some loci include genes that have been previously implicated in SCZ, the majority, due to the 
unbiased nature of the genetic investigation, include genes with unknown relevance to SCZ. This 
investigation is based on the premise that: 1) at least one of the genes at the 108 loci contribute to 
SCZ etiology; 2) some of the genes contributing to SCZ etiology are in a common pathway; and 3) 
some genes in a common pathway will have correlated gene expression. Gene expression data 
available in the gene expression omnibus (GEO) was used to identify correlated expression among 
the 369 genes (853 isoforms) found at the 108 loci associated with SCZ. Expression data came from 
bone marrow CD34+ selected cells isolated from 66 individuals (GSE4619). First, correlation among 
genes related to the DRD2 pathway was analyzed to test the hypothesis that some SCZ genes are in 
a common pathway and have correlated expression. Then, two pathways were generated based on 
correlated expression of genes at the 108 loci. One pathway consisted of the largest number of genes 
with correlated expression (56) and included four genes from the DRD2 pathway and seven of the 33 
genes that were previously implicated in SCZ. The second pathway, a novel pathway of 12 genes, 
was constructed by excluding both the 33 genes that were previously implicated in SCZ and other 
genes that exhibited significantly correlated expression with these 33 genes. Correlated expression 
analysis among SCZ-associated genes at the 108 loci provides evidence implicating those genes with 
correlated expression in SCZ pathogenesis. In addition, these analyses will facilitate pathway 
identification creating starting points for targeted experiments to verify or refute the hypothetical 
pathways generated here. Ultimately identifying the genes and pathways at the 108 loci involved in 
SCZ genesis will inform novel pharmaceutical development for treatment and prevention of SCZ. 
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Focal points 

 Bench 
o Genes at the 108 loci implicated in SCZ genesis in the largest genome wide association 

study to date were grouped according to correlated expression to identify genes 
potentially involved in the same pathways.   

 Bedside   
o Patients with SCZ have many unmet needs. Using DRD2 as a model for antipsychotic 

drug development, we sought to identify the genes at each of the 108 loci involved in 
common pathways which will facilitate novel drugs development to treat the symptoms 
of SCZ.  

 Community 
o Identifying the genes common to a pathway will inform mechanisms of SCZ genesis and 

prevention.   

 Governments  
o Understanding the fundamental mechanisms of SCZ genesis will translate to more 

effective interventions that reduce disease burden leading to decreased expenditures.  
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1. INTRODUCTION 

 

Schizophrenia (SCZ) is characterized by the hallmark symptom, psychosis —positive symptoms— 
which may include hallucinations, delusions, incoherent speech and disorganized thoughts resulting 
in a failure to discern aspects of reality.[6] In addition, SCZ may be expressed through a combination 
of —negative symptoms— that may include social withdrawal and lack of both motivation and 
engagement as well as —cognitive symptoms— that may include diminished attention, difficulties 
understanding information and poor decision-making (diminished executive function).[6] Despite the 
success of antipsychotics in the treatment of psychosis, SCZ remains a severely disabling disorder. 
With medication, 60% of patients with SCZ improve long-term, though the majority still remain 
disabled with only 10-20% of people with SCZ finding competitive employment.[7-9] Relapse 
overwhelms support from family and friends, disorients patients, increases the risk of accidental injury 
or death, and may advance brain pathology.[10, 11] Relapse is a barrier to successful treatment and 
is often caused by medication noncompliance due to both intolerable side effects and lack of 
efficacy.[8, 10-13] Novel therapeutic interventions are desperately needed in order to address the 
unmet needs of people with SCZ. 



 

Psychotic symptoms are controlled with antipsychotics primarily through antagonist blockage at 
dopamine D2-like receptors (D2, D3 and D4) in the striatum, specifically the ventral striatum, 
including the nucleus accumbens.[14-18] Despite the overwhelming pharmacological evidence 
supporting dopamine D2 receptor’s integral role in SCZ, genetic evidence for the dopamine D2 
receptor (DRD2) gene’s involvement in SCZ genesis was inconsistent until recently.[19-22] With 
recent advances in genomic technologies along with larger sample sizes, there has been a renewed 
interest in studying the genetic risks and basis for SCZ. Large genome-wide association studies 
(GWAS) in large samples have identified 108 common single nucleotide polymorphisms (SNPs) loci 
variations that show statistical associations with SCZ, including an association with DRD2. [5] 

 

These 108 loci implicated in SCZ are expected to inform development of novel therapeutic targets for 
pharmaceutical intervention. However, these loci individually impart negligible genetic risk thereby 
limiting their contribution to predicting the likelihood of a person developing SCZ, often an immediate 
benefit of genetic discovery. Instead, despite small genetic influence on risk, effective targeting of 
some of the genes conveying disease susceptibility at these loci may in fact benefit most subjects 
with SCZ, as is the case with DRD2. The DRD2 association with SCZ was actually the T allele at the 
rs2514218 (AT) locus with an OR of 1.073.[5] The function of rs2514218 is unknown because it maps 
5’, outside of the coding region of the DRD2 at 11q23.2 and is in linkage disequilibrium with many 
other genetic variants. However, it has been associated with antipsychotic treatment response and 
impaired striatal functioning.[23-25] With the goal of facilitating discovery of new therapeutic targets, 
the next steps are to understand the function of the genes at these 108 loci and what pathways they 
contribute to. The underlying premises of this investigation are that: 1) some genes involved in the 
same disorder may lie in the same pathway; and 2) some genes within the same pathway may have 
correlated gene expression.   

 

These studies can ultimately highlight new genetic and protein pathways that may overcome the 
challenges of current medications used for treatment. At present, SCZ treatment remains 
mechanistically based on antipsychotics developed over a half-century ago. Mapping out potential 
SCZ pathways from the 108 loci and their associated genes may jump-start the development of more 
specific and targeted treatments that may provide novel ways to treat symptoms of SCZ. Based on 
correlated expression of 369 genes at the 108 loci, this paper presents two possible new pathways in 
relation to: 1) 33 genes previously implicated in SCZ (i.e. DRD2); 2) genes at loci that have been 
implicated in SCZ after the initial publication; and 3) genes at loci where function is unknown. 

 

 

2. MATERIAL and METHODS 

 

2.1 GEO data set 

The “CD34+ cells isolated from bone marrow” data set GDS2118 (GSE4619; 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE4619) was chosen due to the large sample 
size and the expectation that many genes would be expressed at detectable levels in stem cells. 



Pellagatti et al. 2006 provides detailed methods for acquisition and processing of the CD34+ dataset. 
Briefly, bone marrow samples were obtained from 55 patients with myelodysplastic syndrome (MDS) 
and 11 healthy controls, from which CD34+ cells were isolated using magnetic cell separation 
columns. Total RNA was isolated using TRIZOL® (Invitrogen, Paisley, United Kingdom) then 
amplified (2-Cycle cDNA Synthesis) and labeled (2-Cycle Target Labeling and Control Reagent 
packages (Affymetrix, Santa Clara, CA) before hybridization to GeneChip Human Genome U133 Plus 
2.0 arrays (Affymetrix Santa Clara, CA).[26] Affymetirx CEL files were processed with Robust 
MultiChip Analysis (RMA). Expression data was calculated and scaled using GeneChip Operating 
Software (GCOS).  

 

2.2 Retrieving the data 

The retrieval method used the query data set for GSE4619 (55 patients and 11 controls). This method 
consisted of the code written in MATLAB using the Bioinformatics Toolbox (v.7.14. R2015a, 
MathWorks, Natik, MA, USA) Geo_geneExtract 
(Github:https://github.com/neuropil/Geo_geneExtract/), first retrieving ID numbers of isoforms 
associated with each gene found in the 108 loci. Isoforms are different transcripts from the same 
gene. First, each gene was identified in the GEO database. Genes at the 108 loci were identified in 
the Supplementary Table 3: Bioinformatics summary data for 108 genome-wide significant loci.[5] 
Then finding the expression value for each isoform ID in each of the sample sets found in GEO. Each 
isoform correlates with an expression value that was then put into a spreadsheet demonstrating that 
expression value with the sample, gene name, associated loci, and isoform ID. To access this data 
set: (a) go to the GEO home page, (b) enter the data set number in the GEO accession box, (c) Click 
‘GO’ (d) the samples can be accessed under the sample heading on this page. 

 

2.3 Processing the data 

To process these data to find statistically significant results, we established stringent criteria to 
highlight the most important correlations. The statistical methodology applied was Spearman 
correlations on the pairs of gene expressions. A Benjamini-Hochberg-Yekutieli procedure was applied 
to control the false discovery rate (FDR) at 0.05. In addition, we used SAS to organize data, apply 
thresholds, and facilitate reporting summary statistics used to generate pathways.  

   

2.4 Identifying genes in the DRD2 pathway 

In order find evidence supporting the theories that some genes contributing to SCZ will be part of the 
same pathway and that some of the genes in the same pathway will have correlated gene 
expression, genes from the 108 loci were sought that may be part of the DRD2 pathway and the 
correlation of their expression was examined. Using protein sequence and a functional summary 
databases, we included and expanded upon the proteins and genes in the DRD2 pathway identified 
from Beaulieu et al. (2009).[27]   

 

2.5 Identifying the gene isoforms with the largest numbers of correlations 



To link genes to a pathway, significant correlations had to meet the following criteria: FDR (alpha = 
0.05), absolute value of rho (ρ) ≥ │0.682│ (the top 10% of correlation values), and not involve 
isoforms from the same gene. Through this process, the gene with the highest number of correlations 
with other genes at the 108 loci was identified. The top correlated gene isoform and all the genes 
isoforms correlated to it were included in the pathway.  

 

2.6 Developing the novel pathway 

The goal was to identify, among the candidate genes at the 108 loci, a pathway of genes not 
previously implicated in SCZ according to the 2014 GWAS study.[5] The pathway was based on 
correlated gene isoform expression of gene isoforms at the 108 loci. Selected correlations must be: 1) 
statistically significant per FDR (alpha = 0.05); 2) have a correlation of greater than or equal in 
absolute value of 0.5 (any higher threshold would have produced too few genes to construct 
pathways from); and 3) exclude genes (isoforms) previously implicated in SCZ or genes (isoforms) 
correlated with 33 previously known genes (rho (ρ) ≥│0.5│). Depiction of pathways generated based 
on correlated gene expression were constructed in QIAGEN’s Ingenuity® Pathway Analysis (IPA 

Qiagen, Redwood City, www.qiagen.com/ingenuity). 

 

2.7 Characteristics of genes at the 108 loci 

According to the original publication, there were 35 genes found within the 108 loci that had 
previously been implicated in SCZ genesis with known functions. Of the 35 genes previously known, 
only 33 were on the gene chip and were included in the analysis. These 33 genes were considered 
“previously known” and were highlighted in the pathway generated with the largest number of 
correlations.[5] In addition, account for recent progress in characterizing other genes at the 108 loci, a 
list of “recently implicated” genes was created by searching PubMed and manuscripts that cited the 
GWAS study using the “cited by” feature. Genetic replication or independent studies were not 
included.  

 

3. RESULTS and DISCUSSION 

 

3.1 Genes and isoforms 

Of 456 genes from all 108 loci, 91 genes were not included on the gene expression chip (Human 
Genome U133 Plus 2.0 arrays; Affymetrix Santa Clara, CA) and were not included in the analysis (91 
genes from the HLA locus mapping to chromosome 6: 28303247-28712247 (from hg19) plus 365 
genes from the Supplementary Table 3: Bioinformatic summary data for 108 genome-wide significant 
loci).[5] Data from 369 genes with a total of 853 isoforms mapping to the 108 loci were used for 
351,143 pair-wise correlations between isoforms not from the same locus or the same gene. Of 
these, 37,012 correlations were significant (rho (ρ) ≥ │0.423│) among 812 isoforms of 364 genes.  

 

3.2 DRD2 pathway correlated expression 



Correlations within the DRD2 pathway were sought in order to validate the approach of using 
correlated gene expression to indicate which genes may be involved in the same schizophrenia 
pathway. Based on characterization of the DRD2 pathway,[28] six genes at the 108 loci where 
analyzed for correlation with DRD2 (Figure 1, Table 1). Nuclear factors of activated T-cells, NFATC3, 
the protein, is regulated by glycogen synthase kinase-3 (GSK3) through phosphorylation along with β-
catenin.[29] GSK3β and β-catenin are key molecules altered by antipsychotic suppression of the 
dopamine D2 receptor.[28] β-catenin, α-catenin (gene symbol CTNNA1) and δ-catenin (gene symbol 
CTNND1) are in the catenin family of genes. CTNND1 and CTNNA1 are each found at one of the 108 
loci. While, it is unclear if CTNND1 functions as part of the DRD2 pathway, CTNNA1 interacts with β-
arrestin-2, the first step in the antipsychotic arm of the DRD2 pathway. AKT3 is a gene at one of the 
108 loci that may be part of the DRD2 pathway. Due to its strong homology with AKT1, it may have a 
redundant function with AKT1 involving regulation of GSK3β. GRIN2A, an NMDA glutamine receptor 
also regulates GSK3β through AKT1.[30] Finally, PPP1R13B interacts with PPP1CA (protein PP1A), 
a protein that is downstream of protein phosphatase 1 regulatory subunit 1B (PPP1R1B). PPP1R1B 
is regulated through both the calcium release and the cAMP arms of the DRD2 pathway (Figure 1).  

 

Correlations between DRD2 and six other DRD2 pathway genes at the 108 loci are found in Table 1. 
Ten significant correlations were identified between expression of four DRD2 isoforms and six 
NFATC3 isoforms (Human Genome U133 Plus 2.0 arrays (Affymetrix Santa Clara, CA). Two 
significant correlations were identified among 24 examined between DRD2 isoforms and the six 
CTNNA1 isoforms. Five significant correlations were identified among 16 examined between DRD2 
isoforms and the four isoforms of CTNND1. Expression of the four DRD2 isoforms was not correlated 
with expression levels of six AKT3 isoforms or one PPP1R13B isoform. Two significant correlations 
were identified among 12 correlations examined between the three GRIN2A isoforms and the 
isoforms of DRD2. Concordant regulation at both the protein and gene expression level was identified 
between DRD2 and NFARC3. The finding of significant negative correlations in gene expression 
between DRD2 and NFATC3 is consistent with the regulation of proteins within the known DRD2 
pathway. Increased activity with DRD2 agonist, dopamine, would result in β-arrestin/PP2A 
recruitment to the membrane and inhibition of AKT1 then lack of inhibition of GSK3β which would 
then inhibit NFATC (Figure 1). Conversely, regulation of gene expression (positive correlation) 
compared to the negative correlation between protein activity was discordant between DRD2 with 
both CTNNA1, and CTNND1. It is important to note that lack of a significant correlation in gene 
expression does not mean the genes are not in the same pathway; proteins like GSK3β and AKT1 
are regulated by phosphorylation in response to cellular signaling before gene expression is altered.   

Table 1 DRD2 correlations with other genes at the 108 loci in or related to the DRD2 pathway 

Gene  DRD2 

 Isoform 206590_x_at 211624_s_at 216924_s_at 216938_x_at 

NFATC3 207416_s_at -0.660* -0.364 -0.156 -0.599* 

 210555_s_at -0.628* -0.398 -0.150 -0.481* 



 210556_at -0.416 -0.203 0.0319 -0.394 

 225137_at -0.518* -0.433* -0.254 -0.514* 

 225139_at -0.534* -0.441* -0.211 -0.503* 

 225141_at -0.303 -0.205 -0.258 -0.404 

CTNNA1 215883_at 0.490* 0.399 0.379 0.493* 

CTNND1 1557944_s_at 0.683* 0.414* 0.0827 0.505* 

 208407_s_at -0.538* -0.311 -0.174 -0.467* 

AKT3 six isoforms n/s n/s n/s n/s 

GRIN2A 206534_at 0.685* 0.364 0.174 0.712* 

PPP1R13B one isoform n/s n/s n/s n/s 

*Significant correlations based on false discovery rate p≤0.05 (rho (ρ) ≥ │0.423│) 

 

 

3.3 Identifying the SCZ candidate gene isoform with the largest numbers of correlations; identifying 
genes within the hypothetical TAC3 pathway 

The top 10% of the significant correlations (rho (ρ) ≥ │0.682│) resulted in 195 genes with 1,391 

correlations (1866 isoforms). Among the 195 genes (293 isoforms), TAC3 had the largest number of 

correlations with 66 other gene isoforms (55 genes; Figure 2; Table 2). Together, the 56 genes (TAC3 

and the genes correlated with it) map to 35 distinct loci along with the SNP used in the GWAS study 

(Table 2). Twenty-one loci included multiple genes allowing for the possibility that more than one 

gene may contribute to SCZ genesis at each locus. Based on the correlations of these 56 genes with 

each other, a hypothetical pathway was generated. The number of correlations among the genes 

within the TAC3 pathway were included in Table 2 and all correlations were displayed as connections 

between 56 genes (Figure 2). Out of these 56 genes, four genes (CTNND1, DRD2, GRIN2A and 

NFATC3) were part of the DRD2 pathway (Figure 1). Seven genes (FXR1, PTN, TLE1, DRD2, 

CHRNA3, GRIN2A, and KCNB1) were among 33 previously known genes implicated in SCZ.[5] 

Fourteen genes overlap with genes that have been characterized further as a result of three 

investigations following up on the 2014 GWAS findings.[31-33] In the first investigation, ten of the 

TAC3 pathway genes were among 108 genes at the 108 loci implicated in prenatal development of 



the dorsal lateral prefrontal cortex (DLPFC) compared to overall postnatal expression in DLPFC.[33] 

In the second investigation, three genes correlated with TAC3 (RGS6 (regulator of G-protein 

signaling), GRIN2A, and KCNB1 (a potassium channel)) were among four genes identified as 

enriched in cortex during several stages of development compared to other brain regions (amygdala, 

cerebellum, hippocampus, striatum and thalamus) using temporal-spatial expression analysis of 349 

genes at the 108 SCZ risk loci (Table 2).[31] The third investigation resulted in identification of five 

variants among the 108 SCZ-associated loci that may directly contribute to functional changes in 

gene expression in five genes (CNTN4, CLCN3, FURIN, TSNARE1, and SNAP91). Of the five genes 

implicated, TSNARE1 was the only TAC3 pathway gene (rho (ρ) ≥ │0.682│ (the top 10% of 

correlation values)). However, with including all significant correlations (rho(ρ)=0.4306) the SNAP91 

gene was correlated with 367 other genes and CNTN4 with 65 other genes. With including all 

significant correlations, SNAP91 and CNTN4 were correlated with TAC3, DRD2, GRIN2A and 

NFATC expression (data not shown).[31] In addition, FURIN expression was correlated with 65 other 

genes (including AKT3, CACNA1C, and CTNNA1); and CLCN3 with 10 genes (data not shown). A 

fourth study was included in the analysis that implicates HLADPA1 at the HLA locus through cis brain 

expression quantitative trait locus.[34] Using all significant correlations (rho(ρ)≥│0.4306│) HLADPA1 

is correlated with 83 other genes including: 1) TAC3; 2) CTNNA1; and 3) 38 other genes from the 

HLA locus.   

Table 2 TAC3 pathway based on gene-gene expression correlations at 108 SCZ risk loci 

Gene Isoform 
TAC3 

(ρ) 
# 

COR 
Locus SNP 

CA14 219464_at 0.876 
39 chr1:149998890-

150242490 
rs140505938 

OTUD7B 
1555139_a_at 0.778  

21 

chr1:149998890-
150242490 

rs140505938 
229488_at 0.69 

EFHD1 209343_at 0.863 
42 chr2:233559301-

233753501 
rs6704768 

PCGEM1 234515_at 0.763 
25 chr2:193848340-

194028340 
rs59979824 

BOLL 236954_at 0.692 
18 chr2:198148577-

198835577 
rs6434928 

NT5DC2 [33] 1556895_a_at 0.752 25 chr3:52541105-52903405 rs2535627 

C3orf49 1553805_at 0.69 5 chr3:63792650-64004050 rs832187 

FXR1* [33] 1569171_a_at 0.683 
7 chr3:180588843-

181205585 
rs9841616 

NISCH 201591_s_at -0.753 15 chr3:52541105-52903405 rs2535627 

GPM6A [33] 236024_at 0.757 
27 chr4:176851001-

176875801 
rs1106568 



NEK1 [33] 216213_at 0.689 
5 chr4:170357552-

170646052 
rs10520163 

NDUFA2 222971_at 0.734 
12 chr5:140023664-

140222664 
chr5_140143664_I 

GFRA3 [33] 214479_at 0.708 
12 chr5:137598121-

137948092 
rs3849046 

HCG22 1560767_at 0.87 40 chr6:28303247-28712247 rs115329265 

HFE 

 

210864_x_at 0.847  

 

38 

 

chr6:28303247-28712247 

 

rs115329265 

 

211863_x_at 0.778 

206086_x_at 0.75 

211866_x_at 0.736 

211332_x_at 0.692 

EHMT2 229079_at 0.803 30 chr6:28303247-28712247 rs115329265 

PFDN6 
242048_at 0.758  

21 
chr6:28303247-28712247 rs115329265 

222019_at 0.755 

HLADOA 217001_x_at 0.717 13 chr6:28303247-28712247 rs115329265 

PTN* 
208408_at 0.841 41 

chr7:137039644-
137085244 

rs3735025 
209466_x_at 0.792 

MPP6 [33] 205429_s_at -0.69 11 chr7:24619494-24832094 chr7_24747494_D 

TSNARE1 1552799_at 
0.778 

19 chr8:143309503-
143330533 

rs4129585 

TLE1* 203220_s_at 0.738 27 chr9:84630941-84813641 rs11139497 

CYP17A1 205502_at 0.778 
25 chr10:104423800-

105165583 
rs55833108 

CNNM2 [33] 1554523_a_at 0.7 
7 chr10:104423800-

105165583 
rs55833108 

CHRM4 221357_at 0.851 36 chr11:46342943-46751213 chr11_46350213_D 

LUZP2 215323_at 0.826 37 chr11:24367320-24412990 rs11027857 

ARHGAP1 216689_x_at 0.783 37 chr11:46342943-46751213 chr11_46350213_D 

CREB3L1 213059_at 0.78 23 chr11:46342943-46751213 chr11_46350213_D 



CLP1 1566151_at 0.778 33 chr11:57386294-57682294 rs9420 

CTNND1 [33] 1557944_s_at 0.757 35 chr11:57386294-57682294 rs9420 

DRD2* 206590_x_at 0.754 
12 chr11:113317794-

113423994 
rs2514218 

DGKZ 239342_at 0.682 8 chr11:46342943-46751213 chr11_46350213_D 

PITPNM2 1552923_a_at 0.736 
23 chr12:123448113-

123909113 
rs2851447 

TMTC1 224397_s_at 0.699 4 chr12:29905265-29940365 rs679087 

MPHOSPH9 
[33] 

221965_at -0.781 
20 chr12:123448113-

123909113 
rs2851447 

RGS6 [31] 214538_x_at 0.684 8 chr14:72417326-72450526 rs2332700 

KLC1 212878_s_at -0.782 
26 chr14:103996234-

104184834 
rs12887734 

CHRNA3* 
210221_at 0.834  

44 
chr15:78803032-78926732 rs8042374 

211587_x_at 0.829 

GRIN2A* [31] 206534_at 0.768 28 chr16:9875519-9970219 rs9922678 

ASPHD1 1553997_a_at 0.761 23 chr16:29924377-30144877 rs12691307 

ERCC4 210158_at 0.692 5 chr16:13728459-13761359 rs7405404 

NFATC3 [33] 

225139_at -0.73  

 

40 

chr16:67709340-68311340 rs8044995 210555_s_at -0.785 

207416_s_at -0.825 

MYO15A 220288_at 0.774 30 chr17:17722402-18030202 rs8082590 

TOM1L2 214840_at 0.682 2 chr17:17722402-18030202 rs8082590 

CILP2 1552289_a_at 0.812 31 chr19:19374022-19658022 rs2905426 

HAPLN4 235420_at 0.77 35 chr19:19374022-19658022 rs2905426 

TM6SF2 234092_s_at 0.759 22 chr19:19374022-19658022 rs2905426 

GATAD2A 
[33] 

222526_at -0.693 
13 

chr19:19374022-19658022 rs2905426 

SUGP1 215004_s_at -0.701 12 chr19:19374022-19658022 rs2905426 

KCNB1* [31] 231053_at 0.788 13 chr20:48114136-48131649 rs7267348 



PTGIS [33] 208131_s_at 0.763 6 chr20:48114136-48131649 rs7267348 

SEPT3 223362_s_at 0.839 26 chr22:42315744-42689414 rs6002655 

TCF20 
215511_at 0.839  

39 
chr22:42315744-42689414 rs6002655 

238667_at 0.803 

TNFRSF13C 1552892_at 0.826 37 chr22:42315744-42689414 rs6002655 

CYP2D6 215809_at 0.706 6 chr22:42315744-42689414 rs6002655 

From top 10% of significant correlations (ρ ≥│0.682│). chr=chromosome. 

TAC3 isoform (219992_at) correlations between genes. ρ =correlations; # other genes= the number 

of correlations with other genes; Bold= four genes implicated in the DRD2 pathway; *= seven known 

genes implicated in SCZ etiology or treatment before the 2014 GWAS study came out; Italics=12 

genes cited in the literature that reference the 2014 GWAS study.[5] 

 

 

3.4 For generation of a novel pathway 

Using the threshold of significant correlations based on FDR (p≤0.05) at rho (ρ)≥│0.5│ there were 
18,668 correlations among isoforms that were used for further analysis. “Previously known” genes 
and isoforms were eliminated along with any isoforms that were correlated with them. There were 168 
significant pair-wise correlations left between isoforms from 100 genes with the largest pathway 
consisting of 12 correlated genes (Figure 3; Table 3). A hypothetical pathway was created in 

QIAGEN’s Ingenuity® Pathway Analysis (IPA Qiagen, Redwood City, www.qiagen.com/ingenuity) 

showing the connections between the 12 genes (CNOT1, DDX8, GFOD2, GNL3, HSPA9, IMMP2L, 
KMT5A, L3MBTL2, OGFOD2, PBRM1, SMHT2, and WDR55). GFOD2 and DDX8 are both from the 
same locus on chromosome 16 (67709340-68311340) associated with rs8044995, but their 
expression is not correlated with each other. Five genes in the novel pathway have been implicated 
as a cortex-specific gene expression during fetal development.[33] Out of the 12 correlated genes, 
four of the genes (IMMP2L, SHMT2, HSPA9, and PBRM1) are related to the mitochondria. Previous 
studies have shown that mitochondrial impairment may affect bioenergetics in the developing brain 
and alter critical neuronal processes leading to neurodevelopmental abnormalities, mitochondrial 
deficits, altered redox balance, and chronic low-grade inflammation—all potential factors contributing 
to schizophrenia.[35]  

 

Table 3 Novel Pathway based on correlated gene-gene expression  

Gene 1 Isoform 1 Locus SNP Gene 2 Isoform 2 Correlation Locus SNP 

CNOT1 1554052_at *chr16 rs12325245 DDX28 203785_s_at 0.514 #chr16 rs8044995 



CNOT1 200860_s_at *chr16 rs12325245 GFOD2 221028_s_at 0.525 #chr16 rs8044995 

CNOT1 1554052_at *chr16 rs12325245 GNL3 217850_at 0.522 chr3 rs2535627 

CNOT1 200860_s_at *chr16 rs12325245 GNL3 217850_at 0.641 chr3 rs2535627 

CNOT1 1554052_at *chr16 rs12325245 PBRM1 224152_s_at 0.539 chr3 rs2535627 

CNOT1 1554052_at *chr16 rs12325245 SHMT2 214096_s_at 0.537 #chr12 rs12826178 

CNOT1 1554052_at *chr16 rs12325245 SHMT2 214095_at 0.549 #chr12 rs12826178 

CNOT1 1554052_at *chr16 rs12325245 SHMT2 214437_s_at 0.575 #chr12 rs12826178 

DDX28 203785_s_at #chr16 rs8044995 HSPA9 200691_s_at 0.509 *chr5 rs3849046 

DDX28 203785_s_at #chr16 rs8044995 HSPA9 200692_s_at 0.503 *chr5 rs3849046 

DDX28 214025_at #chr16 rs8044995 HSPA9 200692_s_at -0.523 *chr5 rs3849046 

DDX28 203785_s_at #chr16 rs8044995 IMMP2L 227153_at 0.534 chr7 rs13240464 

DDX28 203784_s_at #chr16 rs8044995 L3MBTL2 1555815_a_at 0.508 chr22 rs9607782 

DDX28 40255_at #chr16 rs8044995 L3MBTL2 1555815_a_at 0.508 chr22 rs9607782 

DDX28 203785_s_at #chr16 rs8044995 L3MBTL2 1555815_a_at 0.533 chr22 rs9607782 

DDX28 40255_at #chr16 rs8044995 OGFOD2 219245_s_at 0.578 *chr12 rs2851447 

DDX28 203784_s_at #chr16 rs8044995 OGFOD2 219245_s_at 0.587 *chr12 rs2851447 

DDX28 203785_s_at #chr16 rs8044995 OGFOD2 219245_s_at 0.655 *chr12 rs2851447 

DDX28 203785_s_at #chr16 rs8044995 OGFOD2 219246_s_at 0.604 *chr12 rs2851447 

DDX28 203784_s_at #chr16 rs8044995 OGFOD2 44617_at 0.535 *chr12 rs2851447 

DDX28 40255_at #chr16 rs8044995 OGFOD2 44617_at 0.573 *chr12 rs2851447 



DDX28 203785_s_at #chr16 rs8044995 OGFOD2 44617_at 0.607 *chr12 rs2851447 

DDX28 203784_s_at #chr16 rs8044995 SHMT2 214095_at 0.590 #chr12 rs12826178 

DDX28 40255_at #chr16 rs8044995 SHMT2 214095_at 0.632 #chr12 rs12826178 

DDX28 203785_s_at #chr16 rs8044995 SHMT2 214095_at 0.719 #chr12 rs12826178 

DDX28 203784_s_at #chr16 rs8044995 SHMT2 214096_s_at 0.586 #chr12 rs12826178 

DDX28 40255_at #chr16 rs8044995 SHMT2 214096_s_at 0.667 #chr12 rs12826178 

DDX28 203785_s_at #chr16 rs8044995 SHMT2 214096_s_at 0.699 #chr12 rs12826178 

DDX28 203784_s_at #chr16 rs8044995 SHMT2 214437_s_at 0.509 #chr12 rs12826178 

DDX28 214025_at #chr16 rs8044995 SHMT2 214437_s_at -0.537 #chr12 rs12826178 

DDX28 40255_at #chr16 rs8044995 SHMT2 214437_s_at 0.703 #chr12 rs12826178 

DDX28 203785_s_at #chr16 rs8044995 SHMT2 214437_s_at 0.751 #chr12 rs12826178 

GFOD2 221028_s_at #chr16 rs8044995 GNL3 217850_at 0.515 chr3 rs2535627 

GFOD2 221028_s_at #chr16 rs8044995 L3MBTL2 223205_s_at 0.532 chr22 rs9607782 

GFOD2 221028_s_at #chr16 rs8044995 SHMT2 214096_s_at 0.542 #chr12 rs12826178 

GFOD2 221028_s_at #chr16 rs8044995 SHMT2 214095_at 0.601 #chr12 rs12826178 

GNL3 217850_at chr3 rs2535627 HSPA9 200691_s_at 0.605 *chr5 rs3849046 

GNL3 217850_at chr3 rs2535627 HSPA9 200692_s_at 0.527 *chr5 rs3849046 

GNL3 217850_at chr3 rs2535627 SHMT2 214095_at 0.545 #chr12 rs12826178 

GNL3 217850_at chr3 rs2535627 SHMT2 214096_s_at 0.521 #chr12 rs12826178 

GNL3 217850_at chr3 rs2535627 SHMT2 214437_s_at 0.565 #chr12 rs12826178 



HSPA9 200691_s_at *chr5 rs3849046 L3MBTL2 1555815_a_at 0.515 chr22 rs9607782 

HSPA9 200690_at *chr5 rs3849046 SHMT2 214096_s_at 0.508 #chr12 rs12826178 

HSPA9 200690_at *chr5 rs3849046 SHMT2 214437_s_at 0.579 #chr12 rs12826178 

HSPA9 200691_s_at *chr5 rs3849046 SHMT2 214095_at 0.674 #chr12 rs12826178 

HSPA9 200691_s_at *chr5 rs3849046 SHMT2 214096_s_at 0.686 #chr12 rs12826178 

HSPA9 200691_s_at *chr5 rs3849046 SHMT2 214437_s_at 0.756 #chr12 rs12826178 

HSPA9 200692_s_at *chr5 rs3849046 SHMT2 214095_at 0.652 #chr12 rs12826178 

HSPA9 200692_s_at *chr5 rs3849046 SHMT2 214096_s_at 0.607 #chr12 rs12826178 

HSPA9 200692_s_at *chr5 rs3849046 SHMT2 214437_s_at 0.762 #chr12 rs12826178 

HSPA9 200690_at *chr5 rs3849046 WDR55 223833_at 0.507 #chr5 chr5_140143664_I 

HSPA9 200691_s_at *chr5 rs3849046 WDR55 223833_at 0.537 #chr5 chr5_140143664_I 

HSPA9 200692_s_at *chr5 rs3849046 WDR55 223833_at 0.535 #chr5 chr5_140143664_I 

IMMP2L 227153_at chr7 rs13240464 OGFOD2 219245_s_at 0.576 *chr12 rs2851447 

IMMP2L 227153_at chr7 rs13240464 OGFOD2 44617_at 0.532 *chr12 rs2851447 

IMMP2L 227153_at chr7 rs13240464 SHMT2 214095_at 0.586 #chr12 rs12826178 

IMMP2L 227153_at chr7 rs13240464 SHMT2 214096_s_at 0.569 #chr12 rs12826178 

IMMP2L 227153_at chr7 rs13240464 SHMT2 214437_s_at 0.522 #chr12 rs12826178 

L3MBTL2 1555815_a_at chr22 rs9607782 OGFOD2 219245_s_at 0.599 *chr12 rs2851447 

L3MBTL2 1555815_a_at chr22 rs9607782 OGFOD2 44617_at 0.638 *chr12 rs2851447 

L3MBTL2 223205_s_at chr22 rs9607782 OGFOD2 219245_s_at 0.511 *chr12 rs2851447 



L3MBTL2 1555815_a_at chr22 rs9607782 SHMT2 214095_at 0.661 #chr12 rs12826178 

L3MBTL2 1555815_a_at chr22 rs9607782 SHMT2 214096_s_at 0.634 #chr12 rs12826178 

L3MBTL2 1555815_a_at chr22 rs9607782 SHMT2 214437_s_at 0.595 #chr12 rs12826178 

L3MBTL2 223205_s_at chr22 rs9607782 SHMT2 214095_at 0.544 #chr12 rs12826178 

L3MBTL2 223205_s_at chr22 rs9607782 SHMT2 214096_s_at 0.545 #chr12 rs12826178 

OGFOD2 219245_s_at *chr12 rs2851447 SHMT2 214095_at 0.794 #chr12 rs12826178 

OGFOD2 219245_s_at *chr12 rs2851447 SHMT2 214096_s_at 0.750 #chr12 rs12826178 

OGFOD2 219245_s_at *chr12 rs2851447 SHMT2 214437_s_at 0.736 #chr12 rs12826178 

OGFOD2 219246_s_at *chr12 rs2851447 SHMT2 214095_at 0.645 #chr12 rs12826178 

OGFOD2 219246_s_at *chr12 rs2851447 SHMT2 214096_s_at 0.536 #chr12 rs12826178 

OGFOD2 219246_s_at *chr12 rs2851447 SHMT2 214437_s_at 0.569 #chr12 rs12826178 

OGFOD2 44617_at *chr12 rs2851447 SHMT2 214095_at 0.748 #chr12 rs12826178 

OGFOD2 44617_at *chr12 rs2851447 SHMT2 214096_s_at 0.754 #chr12 rs12826178 

chr=chromosome; chr3=chr3:52541105-52903405; *chr5= chr5:137598121-137948092; #chr5= chr5:140023664-

140222664; chr7=chr7:110843815-111205915; *chr12= chr12:123448113-123909113; #chr12= chr12:57428314-

57682971; *chr16= chr16:58669293-58682833; #chr16= chr16:67709340-68311340; chr22= chr22:41408556-41675156. 

Italics= six genes cited by Bimbaum et al. 2015 that reference the 2014 GWAS study. [33] Correlations (rho (ρ)=≥│0.5│) 

excluding: 1) the 35 genes previously implicated in schizophrenia; [5] 2) genes not correlated with genes previously 

implicated in schizophrenia;  

 

 

4. CONCLUSIONS 

In conclusion, we identified four genes (NFATC3, CTNNA1, CTNND1 and GRIN2A) that have been 
implicated in the DRD2 pathway with significantly correlated expression with DRD2 in the data set 
analyzed, which supports the theory that some genes that contribute to SCZ genesis will be in the 
same pathway and that some of those genes will have correlated gene expression. The genes at the 
108 loci are all candidate genes and the challenge is determining which of the gene candidates 



contribute to SCZ genesis. Using the approach of identifying SCZ genes at the 108 loci associated 
with correlated expression resulted in identifying a putative pathway (TAC3) with 56 different genes. 
The fact that many of the genes in the TAC3 pathway had correlated expression with seven genes 
known to contribute to SCZ and twelve genes that have been recently implicated in SCZ supports the 
hypothesis the 56 genes within the TAC3 pathway may contribute to SCZ and may be generally part 
of a large pathway. In addition, a completely novel pathway was identified with 12 genes. The 
analyses presented here were hypothesis generating and both putative pathways as well as many 
other pathways based on correlated expression need to be further implicated through other 
approaches.     

 

5. Executive summary  

 Genetic studies such as genome-wide association studies (GWAS) are powerful because they 
rely on objective measures such as the frequency of an allele at distinct genetic loci in patients 
versus control subjects. 

 For complex traits like SCZ, each locus implicated through GWAS includes multiple candidate 
genes. 

 Correlated expression between candidate genes from the 108 loci is expected to provide 
evidence supporting a candidate gene’s role in SCZ genesis. Genes that are at the 108 loci, 
but do not actually contribute to SCZ genesis are less likely to be correlated with genes known 
to be involved in SCZ.   

 Because objective measures are employed in genetic studies many of the genes implicated in 
SCZ through GWAS have unknown functions.  

 Correlated expression between candidate genes from the 108 loci is expected to generate 
hypotheses regarding pathways that contribute to SCZ genesis. 

 Understanding which genes contribute to SCZ genesis and what pathways they are involved in 
will inform development of novel interventions. 

 For complex traits like SCZ, associated genes even with low odds ratios are integral to 
understanding the fundamental etiology of disease and inform interventions. 

 

 

Figure 1 Depiction of the dopamine D2 receptor pathway adapted from Beaulieu et al. 2009 to 
include official gene names.[28] Three arms are shown including the Ca+ release, cAMP generation, 
and ARRB2 (beta-arrestin) that is considered the arm related to antipsychotic action. Genes found at 
one of the 108 loci are in bold. *Significant correlations between DRD2 expression and NFATC, 
CTNNA1, CTNND1, and GRIN2A. Correlation with AKT3 (in the same gene family as AKT1 that is 
implicated in the DRD2 pathway) and PPP1R1B were not significant. These findings support the 
premise that some genes that contribute to schizophrenia etiology are in the same pathway and that 
some will have correlated gene expression.  

Figure 2 Depiction of correlated gene expression among 56 genes of the 456 genes from the 108 loci 
associated with schizophrenia.[5] TAC3 had the largest number of correlations within the top 10% of 



significant correlated gene expression. Assignment of protein functions was based on QIAGEN’s 

Ingenuity® Pathway Analysis (IPA Qiagen, Redwood City, www.qiagen.com/ingenuity). Seven shapes 

representing gene products with previously known function and were filled in with yellow.[5] GRIN2A 
was both implicated previously and recently, but was filled in with yellow. Ten genes were recently 
implicated in schizophrenia through three other studies of geneexpression were filled in with blue. 
[31-33]  

Figure 3 Depiction of the novel pathway generated as the result of genes with correlated expression 
with each other, but not with any of the 35 genes previously known to be involved in schizophrenia as 
well any genes that were correlated with the 35 previously know genes. Assignment of protein 
functions was based on QIAGEN’s Ingenuity® Pathway Analysis (IPA Qiagen, Redwood City, 

www.qiagen.com/ingenuity). Five genes were recently implicated in schizophrenia through three other 

studies of geneexpression were filled in with blue. [31-33] 

Funding: 

This work was supported by National Institutes of Health [MH088735]; Brain and Behavior Research 
Foundation NARSAD Young Investigator Grant [Grant ID:14747] 

 

References 

1. McGrath, J., et al., Schizophrenia: a concise overview of incidence, prevalence, and mortality. Epidemiol 
Rev, 2008. 30: p. 67-76. 

2. Kendler, K.S., Sporadic vs familial classification given etiologic heterogeneity: I. Sensitivity, specificity, 
and positive and negative predictive value. Genet Epidemiol, 1987. 4(5): p. 313-30. 

3. Yang, J., P.M. Visscher, and N.R. Wray, Sporadic cases are the norm for complex disease. Eur J Hum 
Genet, 2010. 18(9): p. 1039-43. 

4. Erlenmeyer-Kimling, L., et al., The New York High-Risk Project. Prevalence and comorbidity of axis I 
disorders in offspring of schizophrenic parents at 25-year follow-up. Arch Gen Psychiatry, 1997. 54(12): 
p. 1096-102. 

5. Schizophrenia Working Group of the Psychiatric Genomics, C., Biological insights from 108 
schizophrenia-associated genetic loci. Nature, 2014. 511(7510): p. 421-7. 

6. Owen, M.J., A. Sawa, and P.B. Mortensen, Schizophrenia. The Lancet. 388(10039): p. 86-97. 

7. Marwaha, S. and S. Johnson, Schizophrenia and employment - a review. Soc Psychiatry Psychiatr 
Epidemiol, 2004. 39(5): p. 337-49. 

8. Harrison, G., et al., Recovery from psychotic illness: a 15- and 25-year international follow-up study. Br J 
Psychiatry, 2001. 178: p. 506-17. 

9. Subotnik, K.L., et al., Long-Acting Injectable Risperidone for Relapse Prevention and Control of 
Breakthrough Symptoms After a Recent First Episode of Schizophrenia. A Randomized Clinical Trial. 
JAMA Psychiatry, 2015. 72(8): p. 822-9. 



10. Andreasen, N.C., et al., Relapse duration, treatment intensity, and brain tissue loss in schizophrenia: a 
prospective longitudinal MRI study. Am J Psychiatry, 2013. 170(6): p. 609-15. 

11. Seok Jeong, B., et al., Functional imaging evidence of the relationship between recurrent psychotic 
episodes and neurodegenerative course in schizophrenia. Psychiatry Res, 2005. 139(3): p. 219-28. 

12. Acosta, F.J., et al., Evaluation of noncompliance in schizophrenia patients using electronic monitoring 
(MEMS) and its relationship to sociodemographic, clinical and psychopathological variables. Schizophr 
Res, 2009. 107(2-3): p. 213-7. 

13. Dibonaventura, M., et al., A patient perspective of the impact of medication side effects on adherence: 
results of a cross-sectional nationwide survey of patients with schizophrenia. BMC Psychiatry, 2012. 12: 
p. 20. 

14. Heimer, L., Basal forebrain in the context of schizophrenia. Brain Res Brain Res Rev, 2000. 31(2-3): p. 
205-35. 

15. Seeman, P., et al., Brain receptors for antipsychotic drugs and dopamine: direct binding assays. Proc 
Natl Acad Sci U S A, 1975. 72(11): p. 4376-80. 

16. Seeman, P., Targeting the dopamine D2 receptor in schizophrenia. Expert Opin Ther Targets, 2006. 
10(4): p. 515-31. 

17. Pan, B., et al., Aripiprazole Increases the PKA Signalling and Expression of the GABAA Receptor and 
CREB1 in the Nucleus Accumbens of Rats. J Mol Neurosci, 2016. 59(1): p. 36-47. 

18. Pan, B., X.F. Huang, and C. Deng, Chronic administration of aripiprazole activates GSK3beta-dependent 
signalling pathways, and up-regulates GABAA receptor expression and CREB1 activity in rats. Sci Rep, 
2016. 6: p. 30040. 

19. Dubertret, C., et al., A genetic schizophrenia-susceptibility region located between the ANKK1 and DRD2 
genes. Prog Neuropsychopharmacol Biol Psychiatry, 2010. 34(3): p. 492-9. 

20. Dubertret, C., et al., The 3' region of the DRD2 gene is involved in genetic susceptibility to 
schizophrenia. Schizophr Res, 2004. 67(1): p. 75-85. 

21. Saiz, P.A., et al., Genetic polymorphisms in the dopamine-2 receptor (DRD2), dopamine-3 receptor 
(DRD3), and dopamine transporter (SLC6A3) genes in schizophrenia: Data from an association study. 
Prog Neuropsychopharmacol Biol Psychiatry, 2010. 34(1): p. 26-31. 

22. Gejman, P.V., A.R. Sanders, and K.S. Kendler, Genetics of schizophrenia: new findings and challenges. 
Annu Rev Genomics Hum Genet, 2011. 12: p. 121-44. 

23. Vink, M., et al., DRD2 Schizophrenia-Risk Allele Is Associated With Impaired Striatal Functioning in 
Unaffected Siblings of Schizophrenia Patients. Schizophr Bull, 2016. 42(3): p. 843-50. 

24. Huang, E., et al., Preliminary evidence for association of genome-wide significant DRD2 schizophrenia 
risk variant with clozapine response. Pharmacogenomics, 2016. 17(2): p. 103-9. 

25. Zhang, J.P., et al., Association of a Schizophrenia Risk Variant at the DRD2 Locus With Antipsychotic 
Treatment Response in First-Episode Psychosis. Schizophr Bull, 2015. 41(6): p. 1248-55. 



26. Pellagatti, A., et al., Gene expression profiles of CD34+ cells in myelodysplastic syndromes: involvement 
of interferon-stimulated genes and correlation to FAB subtype and karyotype. Blood, 2006. 108(1): p. 
337-45. 

27. UniProt, C., UniProt: a hub for protein information. Nucleic Acids Res, 2015. 43(Database issue): p. 
D204-12. 

28. Beaulieu, J.M., R.R. Gainetdinov, and M.G. Caron, Akt/GSK3 signaling in the action of psychotropic 
drugs. Annu Rev Pharmacol Toxicol, 2009. 49: p. 327-47. 

29. Huisamen, B., et al., The Impact of Chronic Glycogen Synthase Kinase-3 Inhibition on Remodeling of 
Normal and Pre-Diabetic Rat Hearts. Cardiovasc Drugs Ther, 2016. 30(3): p. 237-46. 

30. Carter, C.J., Multiple genes and factors associated with bipolar disorder converge on growth factor and 
stress activated kinase pathways controlling translation initiation: implications for oligodendrocyte 
viability. Neurochem Int, 2007. 50(3): p. 461-90. 

31. Ohi, K., et al., Specific gene expression patterns of 108 schizophrenia-associated loci in cortex. Schizophr 
Res, 2016. 174(1-3): p. 35-8. 

32. Fromer, M., et al., Gene expression elucidates functional impact of polygenic risk for schizophrenia. Nat 
Neurosci, 2016. 

33. Birnbaum, R., et al., Investigation of the prenatal expression patterns of 108 schizophrenia-associated 
genetic loci. Biol Psychiatry, 2015. 77(11): p. e43-51. 

34. Morgan, L.Z., et al., Quantitative Trait Locus and Brain Expression of HLA-DPA1 Offers Evidence of 
Shared Immune Alterations in Psychiatric Disorders. Microarrays (Basel), 2016. 5(1). 

35. Rajasekaran, A., et al., Mitochondrial dysfunction in schizophrenia: pathways, mechanisms and 
implications. Neurosci Biobehav Rev, 2015. 48: p. 10-21. 





 




