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Through copy number variations, the 16p13.11 locus 
has been consistently linked to mental disorders. This 
locus contains the NDE1 gene, which also encodes mi-
croRNA-484. Both of them have been highlighted to play 
a role in the etiology of mental illness. A 4-SNP haplotype 
spanning this locus has been shown to associate with schiz-
ophrenia in Finnish females. Here we set out to identify 
any functional variations implicated by this haplotype. 
We used a sequencing and genotyping study design to 
identify variations of interest in a Finnish familial cohort 
ascertained for schizophrenia. We identified 295 variants 
through sequencing, none of which were located directly 
within microRNA-484. Two variants were observed to 
associate with schizophrenia in a sex-dependent manner 
(females only) in the whole schizophrenia familial cohort 
(rs2242549 P  =  .00044; OR  =  1.20, 95% CI 1.03–1.40; 
rs881803 P = .00021; OR = 1.20, 95% CI 1.02–1.40). Both 
variants were followed up in additional psychiatric cohorts, 
with neuropsychological traits, and gene expression data, 
in order to further examine their role. Gene expression 
data from the familial schizophrenia cohort demonstrated 
a significant association between rs881803 and 1504 probes 
(FDR q < 0.05). These were significantly enriched for genes 
that are predicted miR-484 targets (n = 54; P = .000193), 
and with probes differentially expressed between the sexes 
(n = 48; P =  .000187). While both SNPs are eQTLs for 
NDE1, rs881803 is located in a predicted transcription 

factor binding site. Based on its location and association 
pattern, we conclude that rs881803 is the prime functional 
candidate under this locus, affecting the roles of both 
NDE1 and miR-484 in psychiatric disorders.

Key words:   schizophrenia/psychotic disorders/NDE1/gene 
expression/miR-484

Introduction

Copy number variations, both deletions and 
duplications, at the 16p13.11 chromosome locus have 
consistently been observed in individuals with intel-
lectual disability,1 developmental delay,2 autism,3,4 at-
tention deficit hyperactivity disorder,5 microcephaly,6 
epilepsy,7,8 and schizophrenia.9 In addition to these 
large-scale genomic aberrations, evidence for the psy-
chiatric relevance of  this locus has come from several 
previous family studies in the Finnish population. 
A study within a Finnish familial schizophrenia cohort, 
having identified association at the DISC1 gene locus,10 
conditioned these 458 families with the DISC1 risk 
haplotype to assist the identification of  additional loci. 
This provided evidence for linkage on the 16p13 locus 
(D16S764, LOD = 3.17) in those families that already 
had the DISC1 HEP3 risk haplotype.11 Furthermore, 
the 16p12 locus had previously been observed to be 
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linked with bipolar disorder in the Finnish families.12 
As this conditioned linkage was located 0.8Mb from 
the NDE1 gene, and the fact that the NDE1 protein-
peptide binds the DISC1 protein, it was investigated 
whether the NDE1 gene specifically associates with 
schizophrenia. Using the same schizophrenia family 
cohort, it was observed that a 4 SNP tag-haplotype 
in NDE1 comprising the CGCC alleles of  rs4781678, 
rs2242549, rs881803, and rs2075512 associated with 
schizophrenia in females, but not in the whole cohort.11 
Additionally, this tag-haplotype was checked for as-
sociation with the Wechsler Memory Scale-Revised 
(WMS-R) visual working memory endophenotype 
in 215 families from this schizophrenia cohort, where 
analysis of  female-only offspring approached the sta-
tistical significance level (P  =  .055).11 In follow-up 
studies of  these findings, using additional information 
available within the Finnish familial schizophrenia co-
hort, a significant interaction was found between high 
birth weight (>4000  g), and one of  the constituent 
SNPs rs4781678 of  the tag-haplotype in increasing risk 
to schizophrenia.13 While a study using genome-wide 
gene expression, demonstrated that the NDE1 SNP 
rs2242549 associates with significant expression level 
differences of  2542 genes, and with early cessation of 
psychoactive medications metabolized by CYP2C19.14 
In vitro studies indicated that microRNA-484 regula-
tion of  CYP2C19 would lead to increased metabolism 
of  these medications.14 The differentially expressed 
genes were significantly enriched for predicted targets 
of  the micro RNA miR-484,14 which is encoded on exon 
1 of  the main transcript of  the NDE1 gene.

Taken together, the genetic evidence from Finnish 
families for major mental illnesses not only implicates 
the 16p13.11 genomic locus, but suggests that either, or 
both, NDE1 and miR-484 could be a functional element 
under this region. Two studies aiming to further under-
stand any functional element at this locus have separately 
highlighted miR-484 and NDE1. In vivo knockout ex-
pression changes in miR-484 causes neural progenitor 
proliferation and differentiation alterations, leading to 
behavioral changes in mice, specifically hyperactivity, 
suggesting the importance of microRNA-484 in neuro-
genesis.15 On the other hand, a comprehensive study of 
16p13.11 microduplications, using induced pluripotent 
stem cells to study the functional consequences of these 
mutations, noted neural precursor cell (NPCs) prolifera-
tion abnormalities, which could be repeated specifically 
by overexpression of NDE1, exclusive of miR-484.16

In the Finnish familial cohorts, the observed 
associations have been found through the study of SNPs 
designed to tag the haplotypic structure of NDE1.11 While 
this helps to narrow down the region of interest, from that 
which the CNVs implicates,1–9 it still highlights a broad 
locus that includes both NDE1 and mir-484. Thus, the 
goal of the present study was to discern any functional 

variant, or variants, at this locus, and to determine if  they 
can help to differentiate the functional elements under-
lying this locus in major mental illness. This differenti-
ation is assisted by the use of endophenotypes and gene 
expression array data available in the Finnish cohorts.

Materials and Methods

The three-stage Sequencing and Genotyping Design

In order to fulfill our main aim of  identifying potential 
functional variants at the NDE1 locus we implemented 
a three-stage sequencing and replication study design 
(illustrated in supplementary figure 1). We have previ-
ously demonstrated that the design can be used to in-
vestigate our data sets in a statistically robust manner.17 
In the first stage, we sequenced 96 individuals from 20 
families from the familial schizophrenia cohort (LC4 af-
fected n = 42, unaffected n = 54), representing 79 inde-
pendent chromosomes. Of  these, 3 families comprising 
12 individuals (12 independent chromosomes) were 
specifically included for being polymorphic at the 
rs2242549 locus and having gene expression data avail-
able. These were included as the association to schizo-
phrenia previously observed at this locus demonstrated 
a sex-dependent pattern, meaning that we have reduced 
power to detect any level of  association in the sequencing 
and stage 1 of  genotyping. Thus, we concluded that 
the addition of  individuals with information previ-
ously known to be relevant to this locus would provide 
other means for identifying variants of  potential func-
tional interest. From the sequencing stage, 3 identified 
variants (chr16_1574307, rs74646346, rs117876551) 
were selected, as they associated (P < .05) with schiz-
ophrenia and are predicted to be located in potential 
functional regions, according to UCSC genome browser 
build 19 (supplementary table  2). Additionally, we 
selected 2 SNPs that associated with the chosen gene 
expression probes, one from our prior observations 
(rs2242549),14 and the other SNP (rs881803) was the 
only SNP to associate at a higher level than rs2242549, 
and located in a predicted functional element. All 5 
SNPs were genotyped (S1) in a sub-cohort of  301 schiz-
ophrenia families (n = 1122) alongside 323 population-
based controls. This S1 genotyping aimed to confirm 
that the variants are not sequencing artifacts, along 
with replicating any observation of  association in an 
enlarged cohort. Two of  the SNPs (chr16_1574307, 
rs74646346) were identified to actually be monomorphic 
in this cohort, while another SNP (rs117876551) did not 
pass our quality control criteria for genotyping. Hence, 
these 3 SNPs were removed from additional analyses. 
The 2 SNPs (rs2252549, rs881803) that remained were 
those selected based on their association to gene expres-
sion probes. Thus, even though they continued to dis-
play no association to schizophrenia, they were taken 
forward to the third stage (genotyping stage 2; S2), 
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where we would have a large enough sample size to test 
for association even taking into account sex differences. 
These were to be studied due to our prior observations 
at this locus.11 This S2 genotyping consisted of  2733 
individuals from multiple cohorts, described in the 
Study Samples section.

Study Samples

This research includes several Finnish clinical cohorts 
ascertained for different phenotypes, and includes cohorts 
of different epidemiological design. These have been 
described in detail in previous studies,18–25 and addition-
ally in the supplementary materials. The full description 
of how these cohorts have been utilized into the three-
stage study design for variant identification and associa-
tion replication used here has recently been published,17 
and is briefly described below.

Psychiatric Cohorts for Genetic Association Analysis.  The 
psychiatric cohorts used here comprise; Finnish familial 
schizophrenia (SCZ n = 2818) and bipolar disorder (BPD 
n = 650) cohorts, twin pairs concordant and discordant 
for schizophrenia (TwinSCZ n  =  303), 3 clinical study 
samples for psychotic disorders (first-episode psychosis 
n = 125; MMPN n = 449; HUPC n = 383; the diagnoses 
represented under each cohort are explained in the sup-
plementary methods), a population cohort for anxiety 
disorders (ANX n = 823), and randomly selected popula-
tion controls exclusive of any neuropsychiatric diagnoses 
(Controls n  =  1117). These cohorts altogether contain 
7024 individuals, with 6668 genotyped, including 1909 
psychiatrically healthy controls. These healthy controls 
contain the 1117 individuals specifically selected for this 
study, and 792 individuals that had been included as 
controls from a number of the individual cohorts being 
used here (supplementary table 1). In S1 genotyping, 323 
of these 1117 population controls were used in the anal-
ysis, after genotyping stage 2, all 1909 controls have been 
used in the analyses of individual cohorts and in the anal-
ysis of combined cohorts.

The SCZ and BPD cohorts include family members 
as affected individuals according to increasingly inclu-
sive liability classes (LC), based on the Diagnostic and 
Statistical Manual of Mental Disorders, fourth edi-
tion (DSM-IV).26 The inclusion criteria for various LCs 
(LC 1–4) are explained in the supplementary materials. 
Other cohorts used a single diagnosis in their analysis, 
the diagnosis being for which the cohort was originally 
ascertained (supplementary table 1).

In order to increase the statistical power of the associ-
ation analysis, we sought to analyze the cohorts jointly. 
To do this we redefined the diagnosis of each individual 
to represent if  it fell under 2 broad phenotypes: psy-
chotic disorder (affected: n  =  1896; n  =  1780 without 
MMPN), mood disorder (affected: n  =  1227; n  =  778 

without MMPN), or both (affected: n  =  698; n  =  295 
without MMPN). The ascertainment criteria for these 
joint cohorts are explained in supplementary materials. 
Both the cohorts naturally excluded individuals from the 
anxiety disorder cohort, where the diagnosis does not fit 
under either of the broad phenotypes used. Additionally, 
due to the opposing observations demonstrated in the 
individual cohort analysis, this analysis was performed 
both including and excluding the MMPN cases.

To further understand the role of any associated 
variants in the etiology of psychiatric disorders, we 
studied them with respect to intermediate traits of both 
neuropsychological and gene expression origin. The 
details of these neuropsychological traits have been 
described previously,14,17,27 and can be found in the sup-
plementary materials. Briefly, 14 quantitative cognitive 
endophenotypes28–34 were available for 919 subjects (SCZ, 
n = 811; BPD, n = 108). Due to high levels of intercorre-
lation,14,27 these endophenotypes have been grouped into 
5 first-order cognitive factors and a second-order general 
ability factor (g-factor).17 Moreover, we have computed 
association between the NDE1 mutation and gene expres-
sion measures derived from the SCZ cohort, and checked 
replication of these findings in the FEP and TwinSCZ 
cohorts, and the GTEx database. The probe selection and 
statistical procedures implemented on our gene expres-
sion datasets are described in supplementary materials.

Statistical Methods Used in Association Analysis

The standard statistical methods for our three-stage 
study design have been described previously,17 and can be 
found in the supplementary materials. However, since our 
prior observation with a NDE1 haplotype displayed sex-
dependent effects by associating with schizophrenia and 
the visual working memory endophenotype in females 
only,11 we wanted to explore here whether such effects 
may affect the association at our 2 identified variants of 
interest. For this purpose, in addition to our analysis of 
these cohorts as a whole, we performed association anal-
ysis in sex-separated datasets in the combined SCZ cohort 
(S1+S2), the other independent psychiatric ascertained 
cohorts, and the analysis of  the cohorts combined to 
study broad psychosis and mood disorder phenotypes. 
Two-point linkage and association analysis of  the fa-
milial (SCZ, BPD), joint (Psychotic disorder, Mood 
disorder), and twin (TwinSCZ) cohorts were performed 
using Pseudomarker.35 In cohorts containing related 
individuals, odds ratios were calculated using allele counts 
within the R package questionR.36 However, calculating 
the odds ratios using related individuals will lead to a 
bias in the results. Association within our population-
based cohorts of  unknown family structure, including 
ANX, FEP, MMPN, and HUPC were generated using 
PLINK.37 The odds ratios in these cohorts of  unrelated 
individuals the PLINK command --ci was used.37 The 
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QTDT program38 was used to test association with our 
14 separate cognitive endophenotypes, 5 first-order cog-
nitive factors, and the g-factor. Details on model and pa-
rameter selection for Pseudomarker, PLINK, and QTDT 
can be found in supplementary material.

Results

Three-Stage Mutation Identification Process

We carried out targeted genome sequencing of 96 
individuals (20 SCZ families, and 79 independent 
chromosomes, sequencing read depth  =  67.97; mean 
coverage = 69.54). This identified 295 variants over the 
NDE1 genomic locus (chr16:15727124-15830120). No 
variants were identified within a 1237bp (chr16:15736621-
15737858) region that contained the miR-484 coding 
sequence (chr16:15737151-15737229). Nine variants as-
sociated with the broadest diagnostic class used within 
this sub-section of the SCZ cohort (LC4_SCZ P < 
.05), and 3 variants were selected to be followed-up by 
genotyping, as they were located in areas liable to his-
tone modification according to UCSC bioinformatic pre-
diction, that include methylation, phosphorylation, and 
acetylation (supplementary table 2). Additionally, to im-
prove our chances to detect variants related to our prior 
observations at the NDE1 locus,11 we specifically selected 
12 individuals, from 3 families, that were polymorphic at 
the rs2242549 locus, and had gene expression data avail-
able. This aided in the selection of 2 variants. The orig-
inal observation (rs2242549), that showed association (P 
< .05) with the 3 gene expression probes predicted to be 

most significantly altered by this locus,14 and the only var-
iant (rs881803) with better associations than the original 
finding, and located in a predicted functional region, a 
transcription factor binding site (see section The Three-
Stage Sequencing and Genotyping Design; supplemen-
tary table 2).

To confirm their presence and validate their associa-
tion with schizophrenia, all 5 variants were first genotyped 
and checked for association in an enlarged sub-section 
of the SCZ cohort (SCZ n = 1122; control n = 323). No 
variants were associated with schizophrenia at this stage 
(supplementary table 3a). Two SNPs were actually mon-
omorphic in this cohort, and one failed quality control 
in genotyping. Due to our prior observations of sex-
dependent association, and the small sample sizes in the 
first 2 stages, the 2 SNPs that associated with gene expres-
sion levels were genotyped in the entire cohort regardless 
of no observable association in the S1 genotyping stage. 
Sex-dependent association analysis in the whole SCZ co-
hort demonstrated that these SNPs (rs2242549, rs881803; 
r2  =  .75) significantly associated with schizophrenia 
in females (LC3_SCZ rs2242549 additive P  =  .00044, 
OR = 1.20, ±95% CI 1.03–1.40; LC3_SCZ rs881803 addi-
tive P = .00021, OR = 1.20, ±95% CI 1.02–1.40), but not in 
males (LC3_SCZ rs2242549 additive P = 0.67, OR = 0.92, 
±95% CI 0.80–1.07; LC3_SCZ rs881803 additive P = .12, 
OR = 0.87, ±95% CI 0.74–1.01) (table 1, a and b; figure 1, 
supplementary table 3, supplementary figure 2). No geo-
graphical differences were observed in our analyses.

In the studies of  the other cohorts, we observed an 
association between rs881803 and psychosis within the 

Table 1.  Association Values for the NDE1 SNPs rs2242549 (T>G) and rs881803 (T>C) Within the Finnish Familial Schizophrenia 
Cohort (SCZ)

(a) Whole Cohort

SNP (All)

Sequencing 
LOD  

P-value
Sequencing 

P-value
S1  

P-value
S2  

P-value

Combined 
(S1+S2)  
P-value

Odds Ratio  
(95% CI)

MAF SCZ 
Families

MAF 
Controls

rs2242549 .42 .16 .58 .45 .24 1.02 (0.92–1.14) 0.43 0.43
rs881803 .50 .58 .49 .97 .54 0.99 (0.89–1.10) 0.36 0.36

(b) Separated on Sex

Females Males

SNP Combined 
(S1+S2)  
P-value

Odds Ratio 
(95% CI)

MAFa 
SCZ 

Families

MAFa 
Controls

Combined 
(S1+S2)  
P-value

Odds Ratio 
(95% CI)

MAFa 
SCZ 

Families

MAFa 
Controls

rs2242549 .00044 1.20 (1.03–1.40) 0.46 0.44 .67 0.92 (0.80–1.07) 0.41 0.42
rs881803 .00021 1.20 (1.02–1.40) 0.39 0.37 .12 0.87 (0.74–1.01) 0.33 0.35

Note: P-values, odds ratios, and confidence intervals across (a) the whole cohort across the three-stage design and (b) separated by sex in 
the combined (S1+S2) cohort. Values are shown for liability class 3 under an additive genetic model. Values for other models and classes 
are provided in supplementary table 3.
aMinor allele frequency is calculated for the founders in the entire SCZ family cohort (combined S1+S2) based on familial genotypes 
where the opposing sex offspring have been excluded, and for 1018 female control individuals or 891 male control individuals.
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population-based MMPN cohort in females (rs881803 
dominant P = .0097, OR = 0.71, ±95% CI 0.54–0.92) 
(supplementary tables  4 and 5); however, this was in 
the opposite direction when compared to the schizo-
phrenia families, the C allele being protective rather 
than a risk factor. Our SNPs provided some degree of 
association with anxiety within our population-based 
anxiety disorder cohort regardless of  sex (rs881803 
recessive P  =  .013, OR  =  1.63, ±95% CI 1.11–2.39; 
rs2242549 recessive P  =  .049, OR  =  1.4, ±95% CI 
1.00–2.00). Further, when the cohorts were combined 
for studying broad psychosis or mood phenotypes, 
both SNPs associated with the psychosis phenotype 
in females (rs2242549 additive P =  .0040, OR = 1.12, 
±95% CI 0.97–1.28; rs881803 additive P  =  .0041, 
OR  =  1.12, ±95% CI 0.97–1.29), and with the mood 
disorder phenotype in the whole sample (rs2242549 
recessive P  =  .037, OR  =  1.18, ±95% CI 0.95–1.46; 
rs881803 recessive P  =  .0033, OR  =  1.38, ±95% CI 
1.08–1.75). Evidence for association was also observed 
in males between the SNP rs881803 and anxiety and 
mood disorder (supplementary table  5). Association 
data mining in the UK Biobank and FinnGen cohorts 
provide some support for these observations. In the UK 
biobank, as mined through the Oxford BIG database,39 
rs881803 associates with a diagnosis of  schizophrenia 

(P =  .0073, β =  .00015), whereas rs2242549 is associ-
ated with “F43 reaction to severe stress and adjust-
ment disorders” (P = .0047, β = −.00016). In FinnGen, 
rs881803 associates with disorders of  psychological 
development (P  =  .0016, β  =  .19), and disorders of 
speech and language (P  =  .0049, β  =  .14), whereas 
rs2242549 associates with “Neurotic, stress-related and 
somatoform disorders” (P = .00042, β = .044) and anx-
iety disorders (P = .00051, β = .043).

Endophenotype Analysis

In order to investigate the role of the 2 identified variants 
roles in the etiology of psychiatric disorders, we studied 
them with regard to intermediate traits. To explore associ-
ation within the cognitive domain, we analyzed 14 quan-
titative endophenotypes, 5 first-order factors, and the 
general g-factor for cognition. No significant associations 
were observed that would survive multiple testing correc-
tion (supplementary table 6). Neither when females were 
studied separately, nor when the SCZ cohort was studied 
separately.

Gene Expression Analysis

We next studied any impact these variants could have 
on gene expression. This was performed within the SCZ 

Mood Disorders*

Psychotic Disorders*

Mood Disorders

Psychotic Disorders

Anx

HUPC

MMPN

FEP

TwinSCZ

LC3_BPD

LC3_SCZ

0 1 2 3 4
rs881803 Odds Ratio at 95% CI

0 1 2 3 4
rs881803 Female Odds Ratio at 95% CI

0 1 2 3 4
rs881803 Male Odds Ratio at 95% CI

Model

Recessive

Additive

Dominant

Fig. 1.  Odds ratios, and their respective 95% confidence intervals, for rs881803 across the cohorts studied and the joint analyses. All plots 
represent the observations for the additive genetic model. For the schizophrenia and bipolar disorder family cohorts, the findings for 
their respective liability class 3’s are shown. *Disorders have been analyzed excluding the MMPN cohort.
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cohort, using separate analysis of  gene expression data 
generated within the TwinSCZ and FEP cohorts, along-
side the GTEx database, in order to provide evidence of 
replication between the cohorts. In the SCZ cohort, re-
gression analysis identified 1504 probes (n = 1326 unique 
genes) as significantly associated with rs881803 at a 
False Discovery Rate (FDR) of q < 0.05 (supplementary 
table 7). In the FEP cohort, 33 of the 206 genes studied 
were significantly associated (P < .05) with rs881803; 9 
of  the 33 were in common with those identified in the 
SCZ cohort: ARNTl, GSK3β, IL6R, MAPK3, MYD88, 
PER2, SOCS3, STAT3, and STAT5A (supplemen-
tary table 8). In the TwinSCZ cohort, only 2 probes out 
of  18,559 were significantly associated (P < .05) with 
rs881803, neither of  which were identified in the original 
SCZ cohort (supplementary table 7). In the GTEx data-
base, 59 of the 1086 genes (240 not recognized by GTEx) 
that were tested in whole blood were significant eQTLs 
with rs881803 (supplementary table 8).

Genes surviving FDR from the SCZ cohort were 
checked for enrichment with predicted targets of miR-
484, and for genes significantly differentially expressed 
between the 2 sexes. Of the 555 genes predicted to be 
targeted by miR-484 (547 recognized by IPA), 54 (9.9%) 
were significantly associated with rs881803 (supplemen-
tary table 8; miR-484 P = .000193). In our SCZ cohort, 
only 14 genes were significantly different between the 
2 sexes after FDR correction. These were not enriched 
for probes that significantly associated with rs881803. 
However, taking a number of P-value cutoffs (P < .05, 
P < .01, P < .001) prior to FDR correction shows a con-
sistent 9–10% overlap between these genes and those as-
sociated with rs881803 (supplementary table  8, gender 
P = .00187, 48 out of 521 [9.2%]). Of these 605 genes (656 
probes) that were significantly different between the sexes 
(P < .05) in the SCZ cohort, 305 genes (322 probes) were 
also noted to be significantly different between the sexes 
in the TwinSCZ cohort (supplementary table  8). These 
replicating 305 sex different genes had an 8% overlap with 
those significantly associated with rs881803 (supplemen-
tary table 8, P = .034, 24 out of 301 [8%]).

Discussion

Here we have followed up a continued line of evidence 
indicating that the NDE1 gene locus is involved in the eti-
ology of psychiatric disorders in Finland.11–14 We aimed 
to identify any functional variant or variants at this locus, 
and determine if  they help to differentiate between NDE1 
and/or miR-484 as the biologically relevant component 
at this locus. Through sequencing 96 related individuals 
(79 independent chromosomes) in 20 SCZ families, we 
identified 295 variants over the NDE1 genomic locus. 
None were immediately located within the mir-484 
coding sequence. While this directly indicates that there 
is no common genetic variation in the microRNA in the 

Finnish population, it should be kept in mind that our 
sequencing cohort did not have sufficient power to iden-
tify rare mutations (minor allele frequency MAF<0.01) 
within these families. However, our previous study of 
NDE111 noted a haplotype that had a MAF of 0.30 in the 
founder schizophrenia families (control MAF  =  0.19), 
suggesting that any functional mutation tagged by this 
haplotype will most likely be common (MAF > 0.05).

While the three-stage study design did not identify 
any variants that replicate in their association to schizo-
phrenia, we were able to utilize our prior observations14 
to follow the role of 2 variants associated with gene ex-
pression changes. One of the 2 was rs2242549, the SNP 
that displayed the original association with the 3 gene 
expression probes in this familial schizophrenia cohort. 
The other SNP, rs881803, is a variant in high LD with 
rs2242549 (r2 = .75), but is also annotated to be located 
within a Transcription Factor Binding Site (OCT1_06, 
POU2F1). Both selected SNPs associated with schizo-
phrenia within the familial SCZ cohort (S1+S2), but only 
in a sex-dependent manner, increasing risk in females 
(supplementary table  3). Interestingly, both SNPs were 
a part of the originally identified NDE1 haplotype that 
also displayed sex-dependent association with over-
transmission to females.11 In that study, both SNPs as-
sociated significantly with the broadest LC4 diagnosis in 
the SCZ cohort in females, yet the original haplotype’s 
significance (P =  .00046) surpassed the individual SNP 
observations (rs2242549 P = .018, rs881803 P = .0013).11 
Here, in this enlarged SCZ cohort, the SNP associations 
have strengthened in comparison with the original 
findings, as would be expected from a genuine observa-
tion. However, haplotypes were not tested in this study, 
as the aim of the study was to narrow our focus to indi-
vidual variation.

The 2 SNPs identified were further investigated in clin-
ical cohorts ascertained for psychiatric disorders, and 
with broader definitions of psychotic and mood domains. 
In the individual cohorts, rs881803 associated with anx-
iety disorders, and within the psychotic disorder MMPN 
female-only cohort. However, the C allele, while being in-
itially observed as the risk allele, was protective in this 
MMPN cohort. The reason for this cohort-specific ob-
servation is most likely due to the much smaller sample 
size of the MMPN cohort, and thus could be a chance 
observation. When this variant was checked in large na-
tionwide cohorts, we observed support not just for the 
association with SCZ, but also for the direction of risk 
indicated by our observations in the SCZ cohort. Both 
the UK biobank (n = 452 264; 590 with a diagnosis of 
schizophrenia) and FinnGen (n  =  175  519; 595 with a 
diagnosis of speech disorder, n  =  161  390; 15  509 with 
a diagnosis of mental and behavioral disorders) note 
association (P < .05) to diagnoses related to mental ill-
ness or neurodevelopment, with the C allele of rs881803 
being the one that increases risk. It should be noted that 
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these data mining methods do not consider sex-specific 
effects. Due to the opposing effect seen in MMPN, when 
the combined cohorts were analyzed, they were addition-
ally analyzed, excluding individuals from the MMPN co-
hort. Both SNPs highlighted sex-dependent associations 
in the etiology of psychotic disorders in females, and 
with mood disorders in general (supplementary table 5), 
demonstrating the role of this locus in the broader eti-
ology of major mental illnesses. It should be noted that 
the models and conditions of these associations do not 
converge to any one particular inheritance pattern, with 
the provided odds ratios sometimes having their confi-
dence intervals include unity. While this may be an arti-
fact of including mixed etiological cohorts in the analysis 
here. The evidence from completely independent cohorts, 
FinnGen, and UK biobank, provides these findings 
with robust support. Despite these observations, recent 
population-based genome-wide consortia studies have 
failed to implicate NDE1 in the etiology of psychiatric 
illnesses.40,41 The possible explanation behind this could 
be that the NDE1 SNPs being reported in our study have 
low odds ratio/effect size, confirming that the disease 
being studied is polygenic in nature, caused by a large 
number of interacting genes, with NDE1 contributing 
only a small, additive increment to disease risk. Thus, 
to detect any significant association using population-
based approaches, even larger sample sizes are required. 
Finally, analysis of our identified variants with cogni-
tive endophenotypes again indicated suggestive associa-
tion for both the SNPs with one of the verbal working 
memory endophenotypes (supplementary table  6 a–d); 
however, these associations did not survive multiple test 
correction.

We have previously reported association between 
rs2242549 and gene expression probes.14 In the SCZ 
cohort analysis with rs881803 identified 1504 probes, 
representing 1326 genes, whose expression levels asso-
ciated with the genotype at a 5% false discovery rate 
(FDR). These genes were significantly over-represented 
within the predicted targets of  miR-484 (9.9% overlap, 
54 out of  547 genes, P-value = .000193) (supplementary 
table 8). Additionally, these genes significantly overlap 
with those differentially expressed between the sexes in 
the SCZ cohort. Thus, demonstrating that some part 
of  the functional consequences of  variation at this ge-
nomic locus are likely to be through miR-484 moderated 
gene regulation, whilst also offering initial indications 
as to the biological changes that could be behind the 
observed sex differences in risk. When these 1326 genes 
were studied for evidence of  replication in other Finnish 
cohorts, we identified 9 genes (including GSK3β a pre-
viously reported DISC1 network interactor42,43 that are 
significantly differentially expressed in the FEP cohort, 
and 59 that can be identified as eQTLs of  rs881083 in 
the healthy GTEx population. However, we were not 
able to replicate these observations with rs881803 in 

the TwinSCZ cohort, when previously we had been able 
to replicate the associations between rs2242549 geno-
type and gene expression probes.14 It should be noted 
that although these 2 SNPs are in high r2 LD, their al-
lele frequencies are different (rs2242549 MAF = 0.43; 
rs881803 MAF = 0.36). The SNP rs881803 has a lower 
frequency to rs2242549, to such an extent that within 
the TwinSCZ cohort there were not enough individuals 
homozygous for the minor allele to specifically test 
the recessive genetic model, which has been previously 
suggested as the most likely model at this locus.14 The 
fact that some of  the observed gene expression changes 
can already be observed in individuals undergoing their 
first episode of  psychosis, suggests that these changes 
are not all related to the long-term consequences of 
these devastating disorders. While the fact that some of 
the gene expression changes associated with rs881803, 
can be observed in the GTEx database, suggests that 
some of  the observed changes may contribute to nat-
ural variation in the healthy population.

In summary, our study identified 2 SNP variants at the 
16p13.11 locus that associate with Finnish familial schizo-
phrenia, in females. Exploration of their role in other major 
mental illnesses in Finland, alongside nationwide biobanks 
indicates that they play a broader role, by associating with 
both psychosis and mood domains of these disorders, as 
well as anxiety-related traits. Beyond diagnoses, explora-
tion of the consequences of these variations demonstrated 
large-scale gene expression changes related to the rs881803 
genotype. These were significantly enriched for genes differ-
entially expressed between the sexes, thus beginning to re-
veal why our association observations are sex-specific, and 
for genes predicted to be targets of miR-484. Both SNPs 
are significant eQTLs for NDE1 in the GTEx database,44 
with these changes being significant across multiple tissue 
types, including all brain regions studied (supplementary 
figure 4). We conclude that the SNPs identified here con-
tribute to dysregulation of the whole region, both NDE1 
and miR-484, with both their downstream consequences 
increasing risk to mental disorders. The 2 SNPs being in 
high LD with each other makes it difficult to differentiate, 
which is the functional element underlying our findings. 
While we cannot rule out a role for rs2242549, rs881803 is 
annotated in the UCSC database to be located in a tran-
scription factor binding site, making it the primary candi-
date. However, further biological studies will be needed to 
directly test the consequences of these variants.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin Open online.
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