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Genome-wide association studies (GWAS) of schiz-
ophrenia have strongly implicated a risk locus in close
proximity to the gene for miR-137. While there are can-
didate single-nucleotide polymorphisms (SNPs) with
functional implications for the microRNA’s expres-
sion encompassed by the common haplotype tagged by
rs1625579, there are likely to be others, such as the vari-
able number tandem repeat (VINTR) variant rs58335419,
that have no proxy on the SNP genotyping platforms
used in GWAS to date. Using whole-genome sequencing
data from schizophrenia patients (n = 299) and healthy
controls (n = 131), we observed that the MIRI37 4-re-
peats VNTR (VNTR)) variant was enriched in a cogni-
tive deficit subtype of schizophrenia and associated with
altered brain morphology, including thicker left infe-
rior temporal gyrus and deeper right postcentral sulcus.
These findings suggest that the MIR137 VNTR, may im-
pact neuroanatomical development that may, in turn, in-
fluence the expression of more severe cognitive symptoms
in patients with schizophrenia.
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Introduction

Schizophrenia is a chronic psychiatric disorder char-
acterized by a combination of positive, negative, and
cognitive symptoms. These typically emerge during
late adolescence or early adulthood and are attrib-
uted to neurodevelopmental changes that alter neural
connectivity and transmission.! Schizophrenia has a

very significant genetic component with heritability
estimated to be around 80%? and a lifetime risk of
0.3%-0.7%." Large case-control genome-wide associ-
ation studies (GWAS) have made significant progress
in revealing the common variation broadly distributed
across the genome (with over 150 significant hits) in
association with schizophrenia.’” While this has im-
plicated many genes and biological pathways, the func-
tional variants and associated genes are often obscured
by the genomic complexity. There is also an unknown
heritable contribution from common structural var-
iation, including genomic insertions and deletions
(INDELs) and minisatellites, such as variable number
tandem repeats (VNTR) that are not captured by the
major genome-wide single-nucleotide polymorphism
(SNP) genotyping platforms. In some cases, these may
correspond to known association regions for common
SNPs and even be causal variants in linkage disequi-
librium (LD) with proxy SNPs used to map the loci,
as is the case for the ASMT3 VNTR.S In other cir-
cumstances, they may not be in LD with any SNPs
represented in the large GWAS and may instead be an
independent and unquantified component of missing
heritability.

One candidate for this circumstance is the MIRI37
VNTR. This 15-nucleotide repeat variant (rs58335419)
is in close proximity to the miR-137 precursor sequence,
including the wild-type variant (VNTR ) with 3 repeats,
and 2 relatively common minor alleles with 4 repeats
(VNTR,) and 5 repeats (VNTR ). While these variants do
not appear to be in LD with the established genome-wide-
associated SNPs,”® their close proximity to pre-miR-137

© The Author(s) 2020. Published by Oxford University Press on behalf of the Maryland Psychiatric Research Center.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (http:/
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original
work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@ oup.com


http://orcid.org/0000-0002-8569-7139
http://orcid.org/0000-0003-2490-2538
mailto:Murray.Cairns@newcastle.edu.au?subject=

E. Mahmoudi et al

(6 bp upstream) suggests that it may directly influence
the maturation of the microRNA (miRNA). This was
initially found in a melanoma study, where the VNTR
was observed to modulate the processing and function of
the miRNA in melanocytes.” The VNTR is also thought
to be part of an internal promoter domain for MIRI37
(Imir137), which can reportedly modulate expression
levels of miR-137 in an allele-specific and stimulus-
inducible manner by the synaptic plasticity-associated re-
pressor element-1 silencing transcription factor (REST).”
In at least one previous study, miR-137 expression levels
were significantly decreased in SH-SYSY cells expressing
VNTR,and VNTR variants as compared to the VNTR -
containing cells.!

MIRI137 generates miR-137, a miRNA that is enriched
in the brain and regulates pathways involved in neuro-
genesis, neural development, and maturation, as well as
synaptogenesis, all of which are critical in etiology of
schizophrenia.!! miR-137 was shown to promote neu-
ronal differentiation in various stem cells, including adult
mouse and human neural stem cells,'” while inhibiting
proliferation of embryonic neuronal stem cell through
the regulation of target genes,'* suggesting a miR-137
role in the modulation of neuronal transition from
pluripotentency to differentiated states. Overexpression
of miR-137 has been shown to alter the expression of the
genes implicated in schizophrenia pathways, including
major histocompatibility complex, calcium channels and
synapses.'* Evidence from postmortem transcriptomic
studies has also shown that miR-137 expression could be
dysregulated in brain. For example, miR-137 levels were
significantly reduced in the schizophrenia-risk haplotype
carriers in the human dorsolateral prefrontal cortex.!
Analysis of the miR-137 targets genes in the brain tran-
scriptomes has shown that the majority of them have
peak expression before the adulthood, suggesting the
possible contribution of these genes to the disruption of
cognitive function and gray matter density occurring over
the lifespan of patients with schizophrenia.'®

The implication of MIR137 in the pathology of schiz-
ophrenia is also supported by GWAS studies through
its position in one of the more clearly demarcated risk
alleles that are strongly associated with the disorder.*!
Five miR-137 target genes, including TCF4, CSMDI,
CACNAIC, ClOorf26, and ZNF804A were also identi-
fied as schizophrenia-associated loci in GWAS'™!" and
many other targets were enriched with variants that were
nominally significant,'” collectively supporting a role for
MIRI137 in the etiology of schizophrenia. The risk haplo-
type has also been associated with several cognitive and
brain endophenotypes, including performance in verbal
episodic memory and attention, altered fronto-amygdala
connectivity, and reduced white matter integrity.?>*
These findings suggest that the miRNA may regulate
pathways associated with neural connectivity and its al-
tered function could contribute to the manifestation of
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cognitive symptoms in carriers with schizophrenia. While
MIRI137 is a strong candidate for the causal variation as-
sociated with schizophrenia at this locus, its proximity to
other genes, including DPYD, which has also been im-
plicated in neurological disorders, suggests that there is
some uncertainty about the fine mapping that remains to
be resolved.

Given that the MIR137 VNTR has been shown to alter
the expression of miR-13771% and that these effects appear
to be independent of the genome-wide-associated SNPs,
we hypothesized that this variant may have phenotypic
implications for brain development and cognitive func-
tion in schizophrenia. In support of this, we observed that
the VNTR, MIR137 variant was significantly enriched in
individuals with a cognitive deficit (CD) subtype of schiz-
ophrenia compared to healthy controls (HC). In a subset
with brain imaging data, we also show that the VNTR,
is associated with significantly thicker gray matter in the
left inferior temporal gyrus and deeper right postcentral
sulci compared to individuals with the wild-type variant.

Methods

Participants

Data from participants meeting International
Classification of Disease (ICD)-10 criteria®* for schiz-
ophrenia or schizoaffective disorder (n = 299) and
HC (n = 131) were obtained from the Australian
Schizophrenia Research Bank (ASRB), an established
register of clinical, cognitive, neuroimaging, and ge-
netic data collected by scientific collaborators across 5
Australian states and territories.”> Diagnoses were con-
firmed using the OPCRIT algorithm?® applied to inter-
viewer ratings on the Diagnostic Interview for Psychosis
(DIP).?” All participants were fluent English speakers and
had no history of an organic brain disorder, brain injury
accompanied by greater than 24 h of amnesia, mental re-
tardation defined as an 1Q <70, movement disorder, cur-
rent substance dependence, or electroconvulsive therapy
in the preceding 6 months. For this study, all participants
were of European ancestry. The healthy participants
additionally had no personal or family history of psy-
chotic disorder in their first-degree biological relatives.
The majority of the cases were using typical or atypical
antipsychotics, mood stabilizers, and/or antidepressants;
however, no dosage-equivalent information was collected
by the ASRB. Sociodemographic and clinical character-
istics, as well as VNTR frequencies of the cognitive sub-
groups are summarized in table 1.

Clinical Assessments

Ratings for positive symptoms were indexed using
present state and lifetime ratings of hallucination (items
49-53) and delusion items (items 58-64) from the DIP¥
and negative symptoms were indexed using the Scale for
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Table 1. Genetic, sociodemographic, clinical, and cognitive characteristics of study participants

HC (n=131) CS (n = 150) CD (n=149) Statistics Direction
VNTR, (n) 12 21 27
Age, mean (SD) 39.08 (13.32) 40.10 (11.19) 39.08 (9.78) F(2,281.41) =0.414, P= .661 —
Sex, n (M/F) 68/68 96/55 110/46 X*(2) = 13.246, P = .001
Years of education (SD) 15.07 (3.16) 13.91 (2.71) 12.23 (2.57) F(2,284.18) = 37.402, P < .001 HC > CS**,
HC > CD***,
CS > CD***
Handedness, n (L/R) 19/117 12/139 15/141 X*(2) =2.943, P = .230 —
WTAR, mean (SD) 105.82 (11.48) 106.15 (8.70) 89.82 (14.93) F(2,276.92) = 73.859, P <.001 HC > CD***,
CS > CD***
WASI, mean (SD) 114.23 (12.79) 112.15(11.43) 91.22 (11.59) F(2,439) =171.576, P <.001 HC > CD***,
CS > CD***
Positive Symptoms Scores (DIP items)
Lifetime, mean (SD) — 10.93 (4.30) 9.02(3.97) 1(246) = 3.654, P < .001 CS>CD
Present state, mean (SD) — 2.70 (3.83) 3.40 (3.57) 1(245)=1.474, P = .142
Negative Symptoms Scores — 19.70 (16.63) 33.98 (20.03) 1(295) = 6.666, P < .001 CD > CS

(SANS), mean (SD)
Illness duration, mean (SD) —

16.31 (10.54)
Typical antipsychotics, 7 (%) — 7

Atypical antipsychotics, n (%) — 127
Antidepressants, 1 (%) — 47
Mood stabilizers, n (%) — 24

16.02 (9.15) (296.23) = 0.259, P= 796  —
17 X(1)=3.295,P=.114 —
128 X*(1) = 1.004, P = 1.000 —
44 X(1)=0.170, P = .738 —
19 X(2)=0.913, P = .440 —

Note: HC, healthy controls; CS, cognitively spared schizophrenia cases; CD, schizophrenia cases with cognitive deficits; VNTR , 4-re-
peats variable number tandem repeat; M/F, males/females; L/R, left/right; DIP, Diagnostic Interview for Psychosis; SANS, Scale for the
Assessment of Negative Symptoms; WTAR, Wechsler Test of Adult Reading; WASI, Wechsler Abbreviated Scale of Intelligence.

*P <.05; **P < .01; ¥*P < .001.

Assessment of Negative Symptoms.? Premorbid and cur-
rent intelligence levels were assessed with the Wechsler
Test of Adult Reading” and the Wechsler Abbreviated
Scale of Intelligence,* respectively, and handedness was
assessed with the Edinburgh Handedness Inventory.?!

Cognitive Clustering

Grade of Membership analysis was performed with the
DSIGoM software (beta version 1.01, Decision Systems,
1999; http://www.dsisoft.com) using cognitive perfor-
mance data collected from schizophrenia patients only, as
detailed in our previous work?®? (see supplementary ma-
terial). Use of this method applied previously to ASRB
participants partitioned the clinical cases into groups
presenting severe cognitive deficits (CD; n = 149) relative
to those with relatively spared cognitive function (CS;
n = 150) as described in Green et al.*> Sociodemographic
and clinical characteristics, as well as VNTR frequencies,
of the cognitive subgroups are summarized in table 1.

DNA Sequencing

Whole-genome sequencing was performed on the ASRB
cohort for 299 schizophrenia cases (comprising 149 CD
and 150 CS cases) and 131 HC, at the Garvan Institute
of Medical Research: Kinghorn Centre for Clinical
Genomics (Darlinghurst, New South Wales, Australia).
A 20-ml blood sample collected at the time of the clinical

interview was used to extract DNA. High-integrity ge-
nomic DNA from peripheral blood mononuclear cells
(1 ng) was sequenced using the Illumina HiSeq X plat-
form as described* with 2 x 150 base pair paired-end
reads. The sequencing coverage was a minimum mean
yield of 30X%. The Phred quality score of 75% of bases
was greater than 30.

Variant Calling

Raw reads (FASTQ) were aligned to the hgl9 refer-
ence using Bowtie2 (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml) before compression, sorting,
and indexing with Samtools.* Picard tools (http://
broadinstitute.github.io/picard/) were then used to mark
and remove PCR duplicates. Quality score recalibration
and indel realignment were then carried out using the
GATK3 BaseRecalibrator and IndelRealigner, respec-
tively.>3¢ Variants within the region defined by Ripke
et al® were called using the HaplotypeCaller, followed by
joint genotyping with GenotypeGVCFs. Variant calling
was conducted using at least 20 reads per sample covering
the VNTR site with a minimum of 4 reads per allele. We
used best practices as per GATK guidelines.”” VCF files
were converted into a matrix with zygosity for each allele.
Principal component analysis was performed to adjust
for the population stratification and was used to remove
non-European samples. VNTR  carriers included 48 cases
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(CD = 27; CS = 21) and 12 controls and noncarriers in-
cluded 251 cases (CD = 122; CS = 129) and 119 controls.

Magnetic Resonance Imaging Acquisition and
Preprocessing

Participants with available genetic, cognitive, and mag-
netic resonance imaging (MRI) data included 174 clinical
participants with a diagnosis of schizophrenia (n = 155)
or schizoaffective disorder (n = 19; together referred to as
the schizophrenia group) and 97 HC. Among the schizo-
phrenia cases, 106 were classified as CS, and 68 classified
as CD (see table 2). Details of MRI scans and processing
are provided in the supplementary material.

Statistical Analysis
VNTR, Enrichment Among Cognitive Subtypes of
Schizophrenia. To test for the enrichment of VNTR,

among cognitive subtypes of schizophrenia as, well as in
the diagnosis groups, a binomial logistic regression model
was constructed and adjusted for sex, SNP rs1625579,
and the first 3 principal components in 299 participants
with schizophrenia (149 CD and 150 CS) compared to
131 HC. Wald test was used to calculate the P values for
both models; analysis was performed using Statsmodels
libraries from Python.’® The significance threshold was
set at P < .05.

MIR137 VNTR Polymorphism in Association With Altered
Brain Morphology. Descriptive statistics for the sub-
sample of participants included in the neuroimaging
analyses were performed using SPSS 24 (IBM, SPSS
Inc.), with significance set at P < .05 (2 tailed). Indices
of effect size (partial eta-squared, i 2, and Cohen’s d) are
reported. For neuroimaging analyses (CAT12), meas-
ures of total gray matter volume (GMYV), white matter
volume (WMYV), and cerebro-spinal fluid (CSF) volumes
were first extracted. To determine the main effects of the
cognitive subgroups, of the presence of the VNTR, and
their potential interaction on these tissue-specific indices,
a 3 (groups: HC vs CS vs CD) by 2 (VNTR: present vs
absent) MANCOVA was used (initial threshold P < .05).
Where appropriate, this was followed by (within-group)
univariate ANCOVAs with Bonferroni correction ap-
plied for the number of dependent variables (ie, GMYV,
WMV, and CSF, P < .017). Age, sex, SNP rs1625579 gen-
otype (GG/GT/TT; to control its potential independent
effect on brain morphology), and scanning location were
entered as covariates for all imaging analysis. Total in-
tracranial volume was also included as a covariate
for whole-brain tissue-specific masks and voxel-based
morphometry (VBM) but not for cortical thickness,
gyrification, sulcal depth, analyses. A similar 2 (groups:
HC vs SZ) by 2 (VNTR : present vs absent) MANCOVA
was conducted for reference, with results presented in
supplementary material. A whole-brain 3 (HC vs CS vs
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CD) by 2 (VNTR,: present vs absent) ANCOVA was
conducted on whole-brain volumes (VBM). To account
for and exclude voxels related to potential artifacts or
misclassified at the gray/white matter border, we ap-
plied an internal gray matter threshold of 0.2 for VBM
analyses. Similar to VBM analyses, indices of cortical
thickness, gyrification, and sulcal depth were used as de-
pendent variables in a series of whole-brain ANCOVAs
[P(FWEc) < .05]. For each index of brain morphology
(whole-brain volume, cortical thickness, sulcal depth,
and gyrification) the statistical inference was made sep-
arately using an initial voxel-level threshold of P < .001
uncorrected, to which a cluster-level family-wise error
(FWE) correction was applied [P(FWEc) < .05]. Regions
showing significant GMV differences were identified
using the Neuromorphometrics atlas in DARTEL space,
as implemented in CATI12 for VBM analyses, and using
the Desikan—Killiany atlas® for surface-based analyses.
For reference, a series of similar 2 (groups: HC vs SZ)
by 2 (VNTR: present vs absent) ANCOVAs were per-
formed for each index of brain morphology with results
presented in supplementary material.

Results

The VNTR, Is Associated With CD Subtypes of
Schizophrenia

To investigate the potential impact of MIR137 VNTR
length, we used DNA sequencing data obtained for in-
dividuals in the ASRB as this variant cannot be im-
puted from GWAS SNP data. Three alleles of the VNTR
were observed, including VNTR , VNTR,, and VNTR,
with a frequency of 0.91, 0.085, and 0.001, respectively.
Participants carrying the rare VNTR, variant were ex-
cluded from these analyses as we were underpowered to
determine its association. The VNTR, genotype was ob-
served to be enriched within the CD subtype relative to
the control group (P = .03, odds ratio [OR] = 1.92, 95%
CI [1.04, 3.55]; figure 1). This was confirmed by the ab-
sence of difference between the CS group and controls
(P = .67, OR = 1.15, 95% CI [0.59, 2.25]), CD and CS
groups (P = .05, OR = 1.69, 95% CI [0.98, 2.92]), and
combined case-control comparison (P = .11, OR = 1.58,
95% CI[0.89, 2.79]; figure 1).

MIRI37 VNTR Polymorphism Is Associated With
Altered Cortex Morphology

Sociodemographic and clinical characteristics of
the imaging cohort, a subset of the main cohort, are
summarized in table 2 and in supplementary ma-
terial. The 3 X 2 ANCOVA on whole-brain tissue
masks showed that there were no significant main ef-
fect of group (Wilk’s lambda = 0.955, F . = 1.985,
P = .066, npz = 0.023), presence of the VNTR, (Wilk’s
lambda = 0.979, F, ,;, = 1.846, P = .139, n * = 0.021), or
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their interaction (Wilk’s lambda = 0.980, F . . = 0.841,
P = .539, npz = 0.010) on these measures. Whole-brain
VBM analyses showed a main effect of cognitive sub-
groups on the volume of the left entorhinal gyrus (see
table 3 and figure 2), with the HC group showing signif-
icantly larger volume than both the CS and CD group
in this region (all post hoc P < .001). There were no
significant effects of the presence of the VNTR, or
group-by-VNTR, interaction on GMV. In addition,
there were significant main effects of the presence of
the VNTR, on indices of cortical thickness and sulcal
depth (see table 3 and figure 3), with VNTR, carriers
showing thicker left inferior/middle temporal gyrus
(post hoc P < .001) and deeper right postcentral sulcus
(post hoc P < .001) compared to noncarriers. There
were no significant main effects of group or group-by-
VNTR, interaction on these indices, and there were no

Case vs Control 4 —— p=0.11
Cognitively Spared vs Control 1 F—@—— p=0.67
Cognitive Deficit vs Control 4 I 4 1 *p=0.03
Cognitive Deficit vs Cognitively Spared - —— p=0.05
’ 2 3 4
Odds ratio

Fig. 1. Association of MTR137 variable number tandem repeat
(VNTR) with cognitive deficit subtype. Logistic regression
analyses showed that the 4-repeats VNTR (VNTR ) genotype
was enriched in the cognitive deficit subtype (P = .03, odds

ratio [OR] = 1.92) but not cognitively spared group (P = .67,

OR = 1.15) as compared to the control group. No significant
difference was observed between the cognitive deficit and
cognitively spared groups (P = .05, OR = 1.69). Also there was no
association between the VNTR  and diagnostic groups (P = .11,
OR=1.58).

significant effects of group, presence of the VNTR , or
their interaction on indices of cortical gyrification.

Discussion

This study investigated the MIRI37 VNTR rs58335419
heterogeneity in association with cognitive and neuroan-
atomical phenotypes in a relatively large cohort of schiz-
ophrenia cases and healthy individuals from the ASRB.
Carriers of the VNTR, were enriched in a CD subtype
of schizophrenia, identified via latent class analysis of
cognitive performance across multiple neuropsycholog-
ical tests. While no significant difference was observed
in direct comparison of cases and controls, we suspect
this may be due to the disproportionate number of cases
having relatively mild cognitive impairment. This was con-
sistent with previous studies that also reported no asso-
ciation between the MIRI137 variants (including VNTR)
and SZ* or SZ and/or BD.' Interestingly, when we fur-
ther investigated the neuroanatomical features associated
with the VNTR, genotype, we observed thicker left infe-
rior/middle temporal gyrus and deeper right postcentral
sulcus compared to the group with the VNTR wild type.

Our findings, therefore, suggest that the MIR137 vari-
ants, particularly the VNTR , have a strongerassociation
with cognitive and neuroanatomical endophenotypes
of SZ than the disease diagnosis. This is consistent with
previous reports suggesting that phenotypic changes as-
sociated with the MIR137 risk allele are independent of
psychiatric diagnoses and may be more closely aligned
with cognitive endophenotypes.?#!4? For example,
lower performance to a Stroop task, which has been
consistently reported in schizophrenia,** was found in
healthy VNTR carriers compared to wild-type partici-
pants.* Another study reported more cognitive deficits
involving episodic memory and attentional control im-
pairments in individuals carrying the schizophrenia
GWAS-associated variant rs1625579 in a mixed cohort

Table 3. Peaks of clusters showing significant main effect of groups (A. HC vs CS vs CD; B. HC vs SZ) or of presence of the VNTR, on
whole-brain indices of gray matter volume (VBM), cortical thickness, sulcal depth, and gyrification

Hem  Cluster region MNI coordinates Cluster size  Peak F-statistic Peak z-score  Cluster P(FWEc)
X y z
3 (Groups: HC, CS, CD) X 2 (VNTR: present, absent) ANCOVA
Main effect of cognitive subgroup—VBM
L Entorhinal gyrus =21 4 =27 796 12.27 4.31 .032
Main effect of VNTR—thickness
L Inferior/middle temporal gyrus =50 —-15 =29 453 19.24 4.15 .032
Main effect of VNTR—sulcal depth
R Postcentral gyrus 52 -15 42 994 21.09 4.35 .005
48 -—16 53 14.32 3.55

Note: Main peaks within the cluster of interest are in bold.

Hem, hemisphere; MNI, Montreal Neurologic Institute; FWEc, family-wise error correction for multiple comparisons at the cluster level;
L, left; R, right; VBM: voxel-based morphometry; VNTR , 4-repeats variable number tandem repeat; HC, healthy controls; CS, cogni-
tively spared schizophrenia cases; CD, schizophrenia cases with cognitive deficits; SZ, clinical cases diagnosed with schizophrenia.
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Fig. 2. Whole-brain gray matter volume changes associated with cognitive subgroups of schizophrenia cases compared to healthy
controls (HC). Volume of the left entorhinal gyrus was significantly larger in HC compared to both the cognitively spared (CS) and
cognitive deficits (CD) groups (post hoc P < .001). a.u.: arbitrary units; color bar represents F-statistics; coordinates are reported in
Montreal Neurologic Institute space; error bars represent 95% CI; VNTR, variable number tandem repeat.
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Fig. 3. Whole-brain surface-based gray matter changes associated with the variable number tandem repeat (VNTR) genotype. Left
inferior/middle temporal gyrus (left) and right postcentral sulcus (right) were significantly thicker and deeper, respectively, in 4-repeats
VNTR (VNTR4) carriers compared to noncarriers (post hoc P <.001). a.u.: arbitrary units; color bar represents P-value; error bars
represent 95% CI.
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of schizophrenia and bipolar disorder.?” The same var-
iant was associated with the P300 electrophysiological
endophenotype in schizophrenia* and impaired per-
formance in verbal episodic memory and attention.?
Previous work from our group demonstrated that pa-
tients carrying this variant in combination with more
severe negative symptoms predicted membership of a
subtype of schizophrenia cases presenting severe cog-
nitive deficits.*

In line with our findings concerning altered brain
morphology among VNTR, carriers, previous func-
tional neuroimaging studies have implicated the inferior
temporal gyrus in multiple cognitive processes, including
language, visual perception, and multimodal sensory in-
tegration.** The inferior temporal gyrus is also specifi-
cally associated with the recognition of objects/patterns
using visual categories,*®* which is often impaired in
schizophrenia.®® The postcentral sulcus is at the border
of the postcentral gyrus and parietal lobules; the former
is somatosensory cortex whose abnormal processing con-
tributes to deficits seen in neurological disorders,’' and
the later play key roles in the control of action. Genetic
variation in the MIRI137 locus has also been associated
with brain morphological and functional changes; eg,
marker SNP rs1625579 was associated with small white
matter density, reduced hippocampal volume, and larger
lateral ventricles in schizophrenia patients compared to
HC.? Similar studies have also reported evidence of the
association between the rs1625579 and decreased brain
volume, increased brain functional activity, altered
fronto-amygdala connectivity, and reduced white matter
integrity.??>52

MIRI37 encodes for miR-137, a brain-enriched
miRNA that has been shown to regulate several pro-
cesses thought to contribute to the pathogenesis of
schizophrenia, including neurodevelopment, neural
maturation and transmission, adult neurogenesis, and
synaptogenesis.'' The schizophrenia-associated MIRI137
variants are thought to exert functional consequence
through the alteration of miR-137 expression. For ex-
ample, neurons harboring the schizophrenia-risk haplo-
type have decreased levels of miR-137 compared to cells
carrying the alternative allele.® This finding is consistent
with reduced levels of miR-137 associated with the risk
allele in postmortem tissue from the human dorsolateral
prefrontal cortex.!* Expression of miR-137 was shown to
be directly altered by the VNTR, with reduced levels ob-
served to emerge from the VNTR -containing cells com-
pared to their wild-type counterparts.'” MiR-137 target
genes were also differentially expressed in transcriptomic
analysis of the VNTR -containing cells and enriched in
pathways involved in synaptogenesis, synapse organiza-
tion, and synaptic transmission.'” More recently it was
reported that the longer variants including VNTR, mod-
ulate alternative splicing of the pri-miR-137, resulting in
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reduced expression of miR-137 in fetal and adult human
brains.** However, previous reports, including ours, have
shown that postmortem alteration in the miR-137 expres-
sion in the cerebral cortex was not significantly different
in SZ.1%5557 This is probably due to the fact that the sam-
ples were not stratified by genotype and were also subject
to modulation by a variety of environmental exposures.
It is also possible that the miR-137 expression is more
critical and variable during the early development of
the nervous system and, therefore, not detected in post-
mortem samples with the disorder.

This study has limitations associated with sample size
that needs to be acknowledged. Future studies with larger
sample size are, therefore, warranted to specifically test
the association of this multiallelic variant between cog-
nitive endophenotypes and in relation to diagnosis of the
disorder. We were also underpowered to examine the ef-
fect of the rare VNTR, variant, which had an allele fre-
quency of 0.01 in our cohort. We suspect that the VNTR
may also be associated with a diagnosis of schizophrenia
and this signal may emerge in a much larger sequenced
sample as we were also underpowered to detect an associ-
ation with the GWAS risk SNP.

In summary, these findings suggest that the MIRI37
VNTR, genotype is enriched in individuals with a severe
CD subtype of schizophrenia. The VNTR, variant was
also associated with altered brain morphology in the in-
ferior temporal gyrus and postcentral sulci. We suspect
that the functional significance of the VNTR, is asso-
ciated with dysregulation of miR-137, supporting the
gene’s role in the cognitive aspects of the disorder more
generally and the mounting evidence of its significance
to brain development and function. It is also plausible
that this miRNA is a candidate for therapeutic manip-
ulation in individuals with schizophrenia, particularly
those that have genomic variation in its gene and/or its
biosynthesis and effector pathways. The significance of
this cannot be underestimated given the unmet need for
drugs that target the most intractable cognitive symp-
toms of schizophrenia that are associated with poor func-
tional outcomes. More broadly, our observations suggest
that some common structural variants in the genome that
are not currently tagged by proxy SNP content on the
major genotyping platforms may account for a signifi-
cant burden of the missing heritability of complex traits
and warrant further attention in future efforts to capture
common genetic liability of disease. In some cases, such
as the VNTR rs58335419 analyzed in the current study,
these variants may provide additional support to the gene
targets of causal variation in undifferentiated GWAS loci.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin.
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