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coding SNVs which were present on the high delusion factor 
haplotype and significantly overrepresented in high delu-
sion factor subjects. We tested these for regulatory effects 
and found that risk alleles of rs10883866 and rs60827755 de-
creased and increased, respectively, the expression of a re-
porter gene as compared to the reference allele. In postmor-
tem brain mRNA quantification experiments, we found the 
same variants also perturb the relative expression of alterna-
tive  NRG3  isoforms. In summary, we have identified regula-
tory SNVs contributing to the association of  NRG3  with delu-
sion symptoms in SZ.  © 2015 S. Karger AG, Basel 

 Introduction 

 Schizophrenia (SZ) is a chronic, disabling neuropsy-
chiatric disease  [1–3]  with typical onset in young adult-
hood. The evidence for a genetic contribution to SZ is 
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 Abstract 

 We previously reported a genetic linkage for schizophrenia 
(SZ; nonparametric linkage score of 4.27) at 10q22 in an Ash-
kenazi Jewish (AJ) population. In follow-up fine-mapping, 
we found strong evidence for an association between 3 in-
tronic single nucleotide variants (SNVs) in the 5 ′  end of neu-
regulin 3  (NRG3)  and the delusion factor score of our pheno-
typic principal component analysis. Two independent 
groups replicated these findings, indicating that variants in 
 NRG3  confer a risk for a delusion-rich SZ subtype. To identify 
the causative variants, we sequenced the 162-kb linkage dis-
equilibrium block covering the  NRG3  5 ′  end in 47 AJ SZ pa-
tients at the extremes of the delusion factor quantitative trait 
distribution. Among the identified variants, we found 5 non-
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strong  [4–7] , and while, initially, genetic linkage and as-
sociation studies had produced few replicated positive 
results (in part because of phenotypic and genetic het-
erogeneity  [2, 8–17] ), genome-wide association studies 
have recently been more successful  [18] . To minimize 
the challenges of phenotypic and genetic heterogeneity, 
we utilized rigorous phenotyping in a genetically homo-
geneous Ashkenazi Jewish (AJ) population  [19, 20] . Pre-
viously, in this sample, we had identified a significant SZ 
linkage signal at 10q22 from 29 AJ pedigrees (nonpara-
metric linkage score of 4.27)  [19] . Our result was inde-
pendently replicated in a study of 1,345 Han Chinese 
individuals  [21] . During follow-up, we performed an as-
sociation study in 1,199 SZ individuals across the link-
age peak with 9 factors (heritability ranging from 0.27 to 
0.60) derived from a principal component analysis of 73 
phenotypic features  [22] . We identified a strong asso-
ciation (p = 1.6 × 10 –6  to 2.3 × 10 –7 ) of several  NRG3  
single nucleotide variants (SNVs; rs6584400, rs10883866 
and rs10748842) with the factor designated ‘delusion’ 
 [23] , corresponding to the constellation of symptoms 
known as ‘Schneiderian first-rank symptoms’  [24] . The 
association of these same  NRG3  SNVs with delusions 
was independently replicated by others in both Western 
European  [25]  and Anglo-Irish cohorts  [26] . In the for-
mer study, the authors suggested a functional role for 
rs10748842, possibly by regulating the relative abun-
dance of  NRG3  isoforms  [25] .

   NRG3  is a strong biological candidate gene for SZ. It 
is one of 3 paralogs of  NRG1 , another replicated SZ sus-
ceptibility gene  [27] . Like  NRG1 ,  NRG3  undergoes ex-
tensive alternative splicing and alternate utilization of 
first exons ( fig. 1 ). Expression of  NRG3  is limited to the 
brain, breast and testis and is higher early in develop-
ment  [25] . The protein product of  NRG3  is a single-pass 
type I membrane protein with an extracellular N-termi-
nal EGF-like domain that is cleaved and binds ErbB4 
receptors  [28–30]  encoded by  ErbB4 , another gene im-
plicated in SZ  [31–33] . NRG3 appears to function as a 
chemorepellant signal in the patterning and migration 
of GABAergic interneurons in the developing cerebral 
cortex  [34–36] .

  Here, we used in vitro and in vivo approaches to iden-
tify the functional variants underlying the association 
with the delusion factor in the 162-kb linkage disequilib-
rium (LD) block containing the associated SNVs. We 
found 3 variants that affect the regulation of  NRG3  ex-
pression and are strongly associated with the delusion 
factor phenotype.

  Subjects, Materials and Methods 

 Subject Ascertainment and Factor Analysis 
 All subjects are participants in the JHU Epidemiology-Genetics 

Research Program in Psychiatry. The ascertainment and assess-
ment of these patients and controls  [19, 23] , as well as factor anal-
ysis derivation, have been previously described  [22] .

  Next-Generation Sequencing, Analysis Parameters
and Software 
 We sequenced a total of 47 AJ SZ individuals (33 males and 14 

females) from the extreme ends of the delusion factor distribution. 
This 2:   1 sex ratio is as expected, based on our entire AJ SZ collec-
tion  [23] . Additionally, we sequenced an unaffected female, identi-
fied as homozygous for the microdeletion at Hg19 chr10:   83611664–
83613507, to determine the background haplotype of the microde-
letion.

  To generate sequencing libraries, we amplified 19 overlapping 
 ∼ 10-kb amplicons to cover the entire 162-kb LD block using LA Taq 
(Kyoto, Japan). LD information was acquired from our data on Ash-
kenazi Jews  [23] , and the LD structure is very similar between AJ and 
European populations  [37] . After amplification, we fragmented the 
amplicons to  ∼ 250 bp by sonication with a Covaris E210 device, in-
dexed fragments with unique identifiers for each individual, and 
multiplexed samples for library preparation in groups of 12, each 
including 6 low delusion factor and 6 high delusion factor individu-
als. We sequenced each of the 4 libraries with 75-bp paired-end reads 
on either the Illumina Genome Analyzer or the Hi-Seq 2000 system. 
Sequencing primers and PCR conditions are available upon request.

  We aligned the reads using the BWA aligner (version 0.5.9) 
 [38]  and postprocessed aligned reads with the Genome Analysis 
Toolkit (GATK version 1.0.5336)  [39]  to remove duplicate reads, 
to realign around small insertions or deletions (indels) and to re-
calibrate base-call quality scores. We excluded 1 high delusion fac-
tor subject from the analysis due to low coverage depth (55) rela-
tive to the other samples (average coverage of 850). The median 
fraction of reads that aligned was 90%. We called SNVs and indels 
using SAMtools mpileup  [40]  (version 0.1.17) on all samples si-
multaneously with parameters set to downweight reads with exces-
sive mismatches and to allow for high depth coverage. We re-
moved variants if their overall call quality score was <99 and set 
individual calls to missing if their call quality was <40. We assessed 
the quality and depth of coverage differences for each variant, 
comparing these quantities between low and high delusion factor 
individuals using a t test and removing variants with p < 0.1.

  We validated a total of 790 known variants across the region in 
all subjects, using previously obtained SNV genotypes at 19 posi-
tions  [23] . Of these, 773 were correctly called from our unfiltered 
SNV detection, for an accuracy of 97.8% (95.1% sensitivity, 99.5% 
specificity, using a variant presence/absence criterion). After set-
ting all calls with an individual call quality <40 or a variant call qual-
ity <99 to missing, 6 incorrect calls remained. This accuracy of 
99.2% reflects 100% specificity and 98.1% sensitivity after filtering.

  We excluded 4 variants (GRCh37/hg19 chr10:   83667530, 
83616428, 83659377 and 83702217) from further analysis due to 
significant (two-sample t test p < 0.1) differences in call quality or 
coverage between high and low delusion factor groups. After filter-
ing, we identified 620 SNVs. The number of positions with non-
reference (non-REF) alleles in an individual ranged from 11 to 235 
with a median of 98.
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  Microdeletion Studies 
 During the amplification step of DNA library preparation for 

next-generation sequencing, we identified a 1.8-kb microdeletion 
23 kb 5 ′  of the transcription start site, at Hg19 chr10:   83611664–
83613507. We genotyped the microdeletion by sizing the PCR 
product in 724 AJ SZ cases as described in Chen et al.  [23] . For 
some individuals, we were not able to make a definitive genotype 
call from the PCR products. We genotyped these individuals, plus 
an additional 32 individuals from 10 unrelated pedigrees with SZ 
probands, using a 3-primer PCR assay where a deleted allele would 
yield a 249-bp band and a nondeleted allele would yield 406- and 
2,092-bp bands. The primer sequences and PCR conditions are 
available upon request. We calculated the association of this

microdeletion with the delusion factor quantitative trait (QT) lo-
cus using the QT likelihood ratio χ 2  test implemented in the
UNPHASED software  [41] .

  Reporter Constructs 
 We generated dual-luciferase reporter assay (DLA) reporter 

constructs by subcloning PCR amplicons of selected genomic seg-
ments from our subjects. The amplicons were cloned using the 
pCR8/GW/TOPO TA Cloning Kit (Invitrogen, Carlsbad, Calif., 
USA), sequenced for confirmation and shuttled to pDSMA, a 
Gateway-modified pGL3-promoter plasmid  [42]  using LR Clon-
ase Enzyme Mix (Invitrogen). They were then shuttled in genom-
ic orientation (5 ′  to 3 ′ ) upstream of a constitutive promoter in the 

  Fig. 1.  Structure of  NRG3 .  a  Diagram of  NRG3  exons as well as a 
proposed numerical nomenclature for validated exons in  NRG3  
(gray) located at 10q 23.1. Exons and introns are not to scale.
 b  Table of the genomic coordinates on 10q (Start, Stop) and the 
size of each of the  NRG3  exons. The column labeled ‘Kao’ corre-

lates these exons with those described previously by Kao et al.  [25] . 
 *    A shorter (3-bp) version of this exon has been observed [Vernon, 
unpubl. data].  *  *    A shorter (5-bp) version of this exon has been 
reported (EMBL:ABC69293.1.). 
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1A3

1B4

18E

18F

18G
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Exon Kao Start Stop Size, bp

1A1 1 83635070 83635919 849
1A2 83635248 83635919 671
1A3 83635840 83635919 79
1B1 2 83637443 83637776 333
1B2 2ext 83637443 83637851 408
1B3 83637653 83637776 123
1B4 83637717 83637851 134
2 n/a 83648946 83649421 475
3 n/a 83680619 83680710 91
4 3 83926483 83926582 99
5 3A 83992498 83992576 78
6 4 84118495 84118624 129
7 n/a 84128646 84128721 75
8 5 84498333 84498406 72
(1C) 84559498 84559607 109
9 5A 84618889 84618979 90
10* 6 84625167 84625193 26

Exon Kao Start Stop Size, bp

11A** 7 84711225 84711327 102
11B 84711225 84711297 72
12 7A 84714947 84714989 42
13 8 84718705 84718831 126
14A 9 84733554 84733671 127
14B n/a 84733544 84733925 381
15* 9A 84738344 84738516 172
16A 10 84738706 84738876 170
16B 84738748 84738876 128
17 11 84744540 84744610 70
18A 12 84744854 84745361 507
18B 84744854 84745401 547
18C 84744854 84745467 613
18D 84744854 84745542 688
18E 84744854 84745589 735
18F 84744854 84746732 1,869
18G 84744854 84746935 2,081

  a  

  b  
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pDSMA plasmid to determine the consequences on expression of 
the firefly luciferase reporter gene. We performed one plasmid 
preparation per construct by QIAfilter Plasmid Purification Midi 
Kit (Qiagen, Hilden, Germany) and sequence verified all con-
structs. We caution the reader that since all replicates come from 
a single plasmid preparation, it is possible for differences in prepa-
ration quality to influence the results of the DLA.

  The REF amplicon was 3.8 kb and included the region of the 
microdeletion plus 1-kb flanks on both sides; the deletion (DEL) 
construct was 2 kb and included only the 1-kb regions flanking the 
microdeletion. To determine if the microdeletion had some effect 
based on spatial characteristics of the region, we also restored nor-
mal spacing by inserting a 1.8-kb segment of a zebrafish construct 
(ZNAS –17.9) with no enhancer activity in DLAs  [43]  at the site of 
the microdeletion. To produce constructs containing the SNVs, we 
amplified approximately 320 bp of the region of highest conserva-
tion surrounding the variant. Because rs10883862 and rs7919976 
are only 68 bp apart, we identified 3 haplotypes and made single 
constructs for each. The primers and PCR conditions used to gen-
erate all amplicons are available upon request.

  Dual-Luciferase Reporter Assays 
 We cultured HT22 mouse hippocampal  [44] , HEK 293 human 

embryonic kidney and Neuro2A mouse neuroblastoma cells in 
DMEM with GlutaMAX and 10% FBS. Primary cortical neuron 
cells from E18 C57BL/6 mice or Sprague-Dawley rats were cul-
tured as described previously  [45] . Due to the quantity of neuron 
cells required for the SNV series of DLAs, we chose to use rat pri-
mary neurons to minimize the number of animals sacrificed. It 
should be noted that based on data from Gene Expression Omni-
bus (GEO)  [46] ,  NRG3  is not expressed in the commercially
available cell lines (GEO accessions GSE45534, GDS4802 and 
GSE56275), but it is highly expressed in both mouse and rat pri-
mary cortical neurons (GEO accessions GDS4759 and GDS3832).

  We cotransfected cells with the pDSMA and Renilla vectors at 
a 20:   1 ratio using Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions and lysed the cells 24 h after trans-
fection (Promega, Madison, Wis., USA). We used 20 μl of lysate 
and 50 μl of each reagent for the assays. Firefly/Renilla luciferase 
expression ratios are normalized to the pDSMA promoter-only 
construct to facilitate comparisons between cell lines.

  Human Brain mRNA Studies 
 We extracted DNA and total RNA from subjects without mac-

roscopic pathology from 190 superior temporal gyrus (STG) sam-
ples from the Harvard Brain Tissue Resource Center (HBTRC) 
and 94 dorsolateral prefrontal cortex (DLPFC) samples from the 
National Institute of Child and Human Development (NICHD). 
The HTBRC samples were 77% male, averaged 62 years of age and 
had an average postmortem interval of 23.2 h. Ancestry data for 
the HBTRC samples were not available, but based on an ancestry 
SNP panel and comparison with Caucasian samples from the 
Johns Hopkins Brain Resource Center, there were only 2 genetic 
outliers in the HBTRC samples  [47] , which were removed from 
analysis. The NICHD samples were all reported Caucasian, were 
66% male, averaged 36 years of age and had an average postmor-
tem interval of 17.7 h.

  We genotyped all samples for rs10748842 and rs60827755 by 
TaqMan genotyping assays (Invitrogen). The expression of  NRG3  
transcripts initiating with exons 1a and 1b was measured sepa-

rately, using exon-specific primers for qPCR of cDNA reverse 
transcribed from brain RNA, and was quantified by comparison to 
a standard curve with normalization to the expression of two 
housekeeping genes,  MRIP  and  ACTB , as previously described 
 [47] . The data were log transformed to achieve a normal distribu-
tion, and outliers were removed.

  Using a generalized linear model, we interrogated the expres-
sion data for correlations with genotypes at selected SNVs using 
age, sex, qPCR plate and postmortem interval as covariates. To 
examine changes in the relative abundance of classes of transcripts, 
we adjusted the expression of transcripts initiating with exon 1b 
for that of transcripts initiating with exon 1a.

  Results and Discussion 

 Previously, we had examined 685 AJ SZ probands for 
an association between each of 9 QTs (phenotypic prin-
cipal component factor scores) and selected genotypes 
around  NRG3 . We found a significant association of the 
delusion factor with the genotypes of SNVs in a 162-kb 
LD block covering the 5 ′  end of  NRG3   [22] . Here, we se-
quenced SZ subjects stratified according to their scores 
on the delusion factor QT with the goal of finding the 
variant(s) responsible for the association signal. High and 
low delusion factor subjects differed primarily in the 
number of types of delusions that they exhibited, with 
high delusion factor subjects experiencing more kinds of 
delusions  [22] .

  Sequencing of the NRG3 5 ′  162-kb LD Block 
 To identify all variants across the LD block, we se-

quenced subjects in 4 pooled sets of 12 samples (6 from 
the high and 6 from the low extremes of the delusion fac-
tor QT distribution). The minimum average depth for 
samples included in the analysis was 334, and 98.6% of the 
positions in our region of interest were covered by at least 
15 reads  [48] . There was no difference between the high 
and low delusion factor groups in average coverage (t test 
p = 0.49) or percentage of bases covered by at least 15 
reads (t test p = 0.20), indicating that between-sample dif-
ferences in these variables did not bias our subsequent 
analyses.

  A Microdeletion Upstream of NRG3 Is
Associated with the Delusion Factor but Lacks 
Functional Consequences 
 PCR and sequencing revealed a 1.8-kb microdeletion 

located 23 kb 5 ′  of the predicted transcription start site
of  NRG3  at Hg19 chr10:   83611664–83613507.  Figure 2  
shows the amplification scheme, the location of the dele-
tion and the corresponding evidence from PCR product 
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electrophoresis. This microdeletion has not previously 
been reported by dbSNP or any tracks on the UCSC Ge-
nome Browser and is in a region with low sequence con-
servation  [49, 50] . There are flanking clusters of tran-
scription factor binding sites  ∼ 6 kb 5 ′  and  ∼ 12 kb 3 ′  of 
the microdeletion (hg18 HMR Conserved Transcription 
Factor Binding Sites track created by Weirauch and 
Raney)  [49] . 

 To determine if the microdeletion itself was a causative 
variant, we first measured its frequency in various popu-
lations. We found similar frequencies in our sample of AJ 
SZ (2.65%, n = 641), AJ bipolar (2.57%, n = 564) and AJ 
control (2.8%, n = 642) cohorts. However, when we tested 
SZ patients at both extremes of the delusion factor QT, we 
found a significant difference in frequencies (8/138 alleles 
or 5.8% in the high compared to 0/134 alleles or 0% in the 
low delusion factor patients; Fisher’s exact test p = 0.013). 
To investigate this association with delusion factor scores 

in a larger SZ cohort, we genotyped the microdeletion in 
724 AJ SZ subjects across the range of scores and also 
found a strong association (likelihood ratio χ 2  p = 
0.006895). We did not detect the microdeletion in 346 
outbred American European SZ subjects, suggesting that 
it is specific to Ashkenazim. We also genotyped the mi-
crodeletion in 10 unrelated families with heterozygous 
probands and found that it was inherited and had identi-
cal breakpoints in all. From these results, we reasoned 
that the microdeletion was either a causative variant or 
marked a haplotype containing (a) causative variant(s).

  To investigate potential regulatory effects of the mi-
crodeletion, we performed DLAs in HEK 293 cells, HT22 
cells and cultured mouse cortical neurons. We found no 
difference in the relative expression of the reporter gene 
between the REF and DEL constructs ( fig. 3 ). We also cor-
rected for possible spatial effects by introducing an inac-
tive stuffer sequence into our deletion construct, which 
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  Fig. 2.   a  Diagram of  NRG3  amplicons used for sequencing (top) 
and negative log 10  p values for differences in allele count between 
high and low delusion factor subjects (bottom). Variants with 
more alternative alleles in low delusion factor patients are in black 
and those with more alternative alleles in high delusion factor pa-

tients are in red.  b  Gel (0.75% agarose) electrophoresis of the  NRG3  
amplicons shown in  a  flanked by a 1-kb ladder size marker from a 
subject heterozygous for a microdeletion (hg19 chr10:   83611664–
83613507). 
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also failed to show an effect on reporter gene expression. 
The experimental constructs show reduced expression 
compared to the promoter-only vector, normalized to 1 
on the y-axis ( fig. 3 ), which is likely due to the presence 
of an additional sequence in the vector causing reduced 
transfection or translation efficiency. These in vitro ex-
periments indicate that the microdeletion lacks regula-
tory consequences in the tested cell types; although one 
explanation might be that these cell types do not have the 
appropriate transcription machinery, it is also possible 
that the microdeletion itself is not causative but rather 
marks a haplotype containing (an)other causative 
variant(s).

  Identification of Variation in cis with the 
Microdeletion 
 During the course of these studies, we identified 2 ho-

mozygotes for the microdeletion, a bipolar subject and a 
nonaffected relative of an SZ subject. The latter, a 66-year-
old asymptomatic woman, has a brother and a nephew 
with SZ. Sequencing of the microdeletion homozygote re-
vealed homozygosity for all SNVs across the entire LD 
block, including the risk alleles of previously identified 
delusion factor-associated SNVs  [23] . She has 121 homo-
zygous non-REF variants and no heterozygous variants, 
suggesting that the microdeletion haplotype extends 
across the entire sequenced region. Genotyping 5 other 

members in her family and 31 unrelated affected AJ mi-
crodeletion heterozygotes allowed us to define 3 distinct 
haplotypes across the LD block: 1 that is marked by the 
microdeletion and likely contains the risk variants and 2 
others without the microdeletion that likely do not carry 
the risk variants. Sequencing the LD block in 24 individu-

 Table 1.  Variant identification and distribution amongst low and high delusion factor patients

rs ID Position (Hg19) REF Alt. Alt. allele frequency Low alleles High alleles p value On DEL haplotype

rs10883862d 83642101 T G 0.11 0/46 9/46 0.003 TRUE
rs10883866b 83643639 C G 0.11 0/46 9/46 0.003 TRUE
rs60827755b 83647518 A G 0.10 0/46 9/46 0.003 TRUE
rs10748842b 83649739 T C 0.11 0/46 9/46 0.003 TRUE
rs7919976a 83642034 G A 0.58 5/46 18/46 0.003 TRUE
rs74885547a 83672780 T C 0.56 8/44 22/46 0.004 TRUE
rs10786760a 83664575 C T 0.55 9/44 23/46 0.004 TRUE
rs1018484a 83665670 T C 0.56 8/44 20/42 0.005 TRUE
rs10884019c 83757021 G A 0.15 3/46 13/44 0.005 TRUE
rs11191757a 83667910 G T 0.56 9/46 22/46 0.008 TRUE
rs10786762a 83670102 G A 0.58 9/46 22/46 0.008 TRUE
rs10883921a 83685802 A C 0.57 8/46 20/46 0.012 TRUE
rs7075126a 83688159 A G 0.57 8/46 20/46 0.012 TRUE
rs10883898a 83670126 C T 0.53 8/44 20/46 0.012 TRUE
rs9943299b 83640808 A G 0.22 1/46 9/46 0.015 TRUE
rs6584400b 83656526 G A 0.22 1/46 9/46 0.015 TRUE
rs3918483a 83668440 C A 0.53 8/44 18/42 0.018 TRUE

Alt. = Alternative. a–d LD group in which member SNVs have an r2 >0.8 based on 1000 Genomes Project data (www.broadinstitute.
org/mpg/snap/).

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Fi
re

fly
/R

en
ill

a 
ex

pr
es

si
on

0.2

0.1

0
REF DEL

Mouse neurons

REF DEL

HT22

REF DEL

HEK 293

Fig. 3. Results from DLAs of the microdeletion region. Each con-
struct was tested in 6 biological replicates per experiment and was 
normalized to the promoter-only vector. No statistically signifi-
cant differences are observed between the DEL and the REF allele.              
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als with high delusion factor QT scores, 23 with low de-
lusion factor QT scores and the asymptomatic woman 
identified a total of 620 SNVs in the LD block. Of the 57 
SNVs associated with a high delusion factor score (p < 
0.05) in the present study, 54 were non-REF alleles homo-
zygous in the asymptomatic woman, and we concluded 
these made up the microdeletion haplotype.

  To assess differences between low and high delusion 
factor subjects at each of these 54 SNVs, we ranked them 
according to the p value as calculated by Fisher’s exact test 
( table 1 ). While no results withstood correction for mul-
tiple testing, the 5 nominally most significant (p = 0.003 
for all 5, minor allele frequency 0.104–0.424) were located 
in a  ∼ 8-kb cluster flanking and including  NRG3  exon 2. 
Of the 3 previously identified SNVs most associated with 
the delusion factor, 2 (rs10883866 and rs10748842) were 
among the 5 showing strongest statistical significance in 
this study  [23] . The third previously identified SNV, 
rs6584400, had a p value of 0.015 and was also included 
in our functional studies of a total of 6 variants. The risk 
alleles of all of these variants (p < 0.05) are on the micro-
deletion haplotype.

  Variants in Intronic Regions of NRG3 Affect NRG3 
Expression in vitro and ex vivo 
 To determine if the variant genotype affected the reg-

ulatory function of the surrounding sequence, we per-
formed DLAs testing  ∼ 320 bp surrounding either allele 
of our 6 candidate SNVs in HEK 293, HT22 and Neuro2A 
cell lines as well as in cultured rat primary cortical neu-
rons.

  We tested rs7919976 and rs10883862, which are only 
68 bp apart (r 2  = 0.329), in a single construct and detect-
ed no discernible regulatory activity ( fig.  4 ). Variant 
rs6584400 had a minimal and inconsistent effect regard-
less of the genotype. For these reasons, we did not per-
form additional studies on these variants. We observed 
modest effects for rs10748842, with the risk allele (C)
increasing relative expression  ∼ 1.2-fold. For this reason, 
and because this variant was implicated by previous au-
thors based on in silico computational analysis, we in-
cluded it in additional studies. In contrast, we found that 
rs10883866, located 5 kb 5 ′  of exon 2, had a strong and 
consistent effect in DLA experiments. The construct con-
taining the REF variant (C) conferred a 2- to 3-fold in-
crease in expression over the promoter-only vector in all 
cell lines tested (in primary rat cortical neurons, the effect 
was more modest but in the same direction), and this ef-
fect was completely abrogated by the risk variant (G). 
Similarly, rs60827755, located 1.5 kb 5 ′  of exon 2, also 

showed a consistent effect on expression in all the cell 
types tested. In this case, however, the risk allele (G) is as-
sociated with an increased expression. The risk allele (G) 
of rs10883862 and the REF allele (A) of rs60827755 have 
consistently a lower expression of the reporter gene com-
pared to the promoter-only vector, which may indicate 
possible repressor activity or may be a result of reduced 
transfection efficiency due to the additional inactive se-
quence in the vector. We conclude that rs60827755 and 
rs10883866 are both functional, each perturbing the reg-
ulatory function of a DNA element in this genomic seg-
ment but with opposite effects on expression in these in 
vitro assays. Together, they generate 2 haplotypes with 
different regulatory properties that likely represent the 
causative genetic variation leading to changes in  NRG3  
expression and in the delusion factor scores. While the 
minor alleles of rs10883866 and rs60827755 are both on 
the risk haplotype and drive reporter gene expression in 
opposite directions, in vivo, the effects of these variants 
will depend on the relative abundance of the  trans- acting 
factors that bind these regions at any given time as well as 
the genomic context beyond the 320-bp inserts in the test 
plasmids.

  SNVs in NRG3 Correlated with Alternate
First Exon Use 
  NRG3  undergoes complex alternative splicing with 

transcripts that originate from at least 2 alternative first 
exons, exons 1a and 1b. We hypothesized that the SNVs 
associated with the delusion factor, which are all located 
in the 5 ′  end of  NRG3 , might influence the abundance of 
 NRG3  transcripts that begin with exon 1a or 1b. To test 
this possibility, we asked if there was a correlation be-
tween the genotype and the expression of  NRG3  tran-
scripts (see Subjects, Materials and Methods and  fig. 1 ) 
 [25]  in 2 brain regions. We genotyped one of the func-
tional variants from the DLAs, rs60827755, in addition to 
rs10748842, which has an r 2  of 1.0 with the other func-
tional DLA variant, rs10883866  [51] .

  After controlling for qPCR plate, age, sex and post-
mortem interval, we found that carriers of the risk allele 
(C) at rs10748842 have a decreased expression of tran-
scripts containing exon 1b in the DLPFC (p = 1.9 × 10 –7 ). 
In the STG, we observed a similar but somewhat weaker 
effect (p = 0.026) of the risk allele on exon 1b transcripts. 
We saw no significant correlation between genotype and 
the expression of transcripts containing exon 1a in either 
brain region. We also wanted to determine if the relative 
expression of transcripts containing exon 1b, compared 
to transcripts containing exon 1a, was correlated with 
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genotype. In the DLPFC, the risk allele is highly corre-
lated with a decrease in the relative expression of exon 1b 
transcripts when adjusted for the expression of tran-
scripts with exon 1a (p = 4.7 × 10 –8 ). In the STG, the rela-
tive expression of exon 1b transcripts became highly sig-
nificant when adjusting for exon 1a transcripts (p = 5.11 
× 10 –9 ;  fig. 5 ).

  As expected given the strong LD (r 2  = 0.92), the risk 
allele (G) of rs60827755 also showed a decreased expres-
sion of exon 1b transcripts (p = 1.42 × 10 –7 ) and a de-
creased relative expression when adjusted for exon 1a 
transcripts (p = 6.0 × 10 –8 ) in the DLPFC and in the STG 
(p = 0.048 and 1.9 × 10 –7 , respectively).

  From these data, we conclude that the effect of the de-
lusion factor-associated variants involves the relative ex-
pression of various  NRG3  transcripts. This suggests a 
transcript-specific mechanism in which the risk variants 
affect the utilization of alternative  NRG3  first exons.

  Current psychiatric diagnostic criteria, including the 
Diagnostic and Statistical Manual (DSM), focus on clini-
cal reliability but not on etiologic, particularly genetic, 
validity, hampering a biological understanding of psychi-
atric illness  [52] . To rectify this, the National Institute of 

Mental Health (NIMH) launched the Research Domain 
Criteria (RDoC) project to create a new framework for 
research on the pathophysiology of mental illness  [52] . 
RDoC describes a matrix in which the rows represent
various constructs grouped hierarchically into domains 
of neuropsychiatric function, while the columns denote 
ascending levels of etiological analysis: the genetic, mo-
lecular and cellular levels; the systems level, and the levels 
of the individual, the family environment and social con-
text. Our work indicates that genetic variations of a spe-
cific gene,  NRG3 , contribute to a functional domain (de-
lusion).

  In summary, we identified all variants in the 162-kb 
LD block previously shown to confer a risk for a constel-
lation of phenotypic features characterized as ‘delusion 
factor’ in an AJ SZ cohort. We then identified a risk hap-
lotype extending across the entire LD block and showed 
that alleles of 3 intronic SNVs strongly associating with 
the delusion factor QT also modulate gene expression 
and alternative first exon utilization. The molecular 
mechanism by which the single base pair changes exert 
their effect is unknown, although we surmise that the 
variants alter binding sites for transcription factors that 
interact indirectly with the promoter(s). The identity of 
the proteins that utilize these putative binding sites to 
control the regulation of particular transcripts of  NRG3 , 
as well as the functional consequences of various splice 
forms in specific cells types, will shed light on the mo-
lecular pathways involved in delusions and psychiatric 
disease as well as deepen our understanding of the regula-
tion of this gene.
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