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ABSTRACT
BACKGROUND: miR-137 is a microRNA involved in brain development, regulating neurogenesis and neuronal
maturation. Genome-wide association studies have implicated miR-137 in schizophrenia risk but do not explain its
involvement in brain function and underlying biology. Polygenic risk for schizophrenia mediated by miR-137
targets is associated with working memory, although other evidence points to emotion processing. We
characterized the functional brain correlates of miR-137 target genes associated with schizophrenia while
disentangling previously reported associations of miR-137 targets with working memory and emotion processing.
METHODS: Using RNA sequencing data from postmortem prefrontal cortex (N = 522), we identified a coexpression
gene set enriched for miR-137 targets and schizophrenia risk genes. We validated the relationship of this set to miR-
137 in vitro by manipulating miR-137 expression in neuroblastoma cells. We translated this gene set into polygenic
scores of coexpression prediction and associated them with functional magnetic resonance imaging activation in
healthy volunteers (n1 = 214; n2 = 136; n3 = 2075; n4 = 1800) and with short-term treatment response in patients
with schizophrenia (N = 427).
RESULTS: In 4652 human participants, we found that 1) schizophrenia risk genes were coexpressed in a biologically
validated set enriched for miR-137 targets; 2) increased expression of miR-137 target risk genes was mediated by low
prefrontal miR-137 expression; 3) alleles that predict greater gene set coexpression were associated with greater
prefrontal activation during emotion processing in 3 independent healthy cohorts (n1, n2, n3) in interaction with age
(n4); and 4) these alleles predicted less improvement in negative symptoms following antipsychotic treatment in
patients with schizophrenia.
CONCLUSIONS: The functional translation of miR-137 target gene expression linked with schizophrenia involves the
neural substrates of emotion processing.

https://doi.org/10.1016/j.bpsc.2023.11.001
Polygenic risk for schizophrenia (SCZ) is likely enacted via
molecular pathways that affect neurophysiological phenotypes
(1–3). The latest rendering of an SCZ genome-wide association
study (GWAS) by the Psychiatric Genomics Consortium (PGC)
has established a link with synaptic biology that is thought to
be the basis of neural activity anomalies observed in in-
dividuals at genetic risk for SCZ (4,5). Accordingly, polygenic
risk scores (PRSs) are associated with neural activity during
working memory (WM) (6–9) and emotion processing (9–11),
which are critical SCZ phenotypes. However, PRSs do not
provide information about the molecular pathways that un-
derlie the association of SCZ variants with system-level
ª 2023 Society of Biological Psychiatry. Published by Elsevier Inc.
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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phenotypes because they collect signals from all biological
pathways involved.

One strategy to integrate score computation with biological
information is to study the targetomes of genetic regulators (3).
MicroRNAs that target SCZ risk genes may be considered
candidate master regulators involved in pathways relevant to
SCZ risk (12). Of these microRNAs, miR-137 is among the
most biologically plausible, exhibiting the most significant as-
sociation with SCZ in GWASs (4,13) and SCZ clinical measures
(14). The SCZ risk allele rs1625579, a miR-137 single nucleo-
tide polymorphism (SNP), is associated with lower miR-137
expression in the dorsolateral prefrontal cortex (PFC) (15) and
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with WM-related prefrontal activity. Two separate studies have
also linked rs1625579 to an altered amygdala-prefrontal brain
network during executive function and emotion processing
tasks (16,17). This circuit has been consistently linked to
emotion processing irrespective of miR-137 (18,19). Erk et al.
(11) found that rs1702294, another miR-137 SNP, was asso-
ciated with amygdala activity during emotion processing (11).
These findings suggest that miR-137 may have a role in SCZ-
related brain functional alterations during WM and emotion
processing.

To link miR-137 to the biology of SCZ risk, Cosgrove et al.
(20) parsed the SCZ PRS by including only miR-137 targets
and found associations with brain activity during WM but not
during emotion processing. While Erk et al. (11) found an as-
sociation between the miR-137 mapping rs1702294 and
emotion processing, their general SCZ PRS was differentially
associated with episodic memory and social cognition. Poly-
genic approaches such as SCZ PRSs (11) may have diluted the
effect of risk pathways that affect emotion processing with
unrelated signals even when parsed for miR-137 targets (20),
e.g., because only a subset of the SCZ loci targeted by
Figure 1. Study design. The figure illustrates the multistep procedure that w
prefrontal activity during task performance in fMRI. EP, emotion processing
Expression; LIBD, Lieber Institute for Brain Development; mRNA, messenger RN
index; PFC, prefrontal cortex; PRS, polygenic risk score; RE, random effect; SCZ
network analysis; WM, working memory.
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miR-137 is associated with emotion processing or because
PRSs do not reflect specific biological processes. An alterna-
tive method to capture the implication of miR-137 genetic
variation on functional brain phenotypes previously associated
with SCZ risk is to use gene coexpression (3).

Here, we investigated 1) coexpression of miR-137 target
genes in the human PFC and their relationship with SCZ risk; 2)
association of genetic variants in miR-137 target coexpression
pathways with WM or emotional face recognition brain activity
in humans; and 3) their association with symptom improve-
ment in patients with SCZ after short-term treatment with an-
tipsychotics. In parallel, we assessed these same associations
considering all miR-137 targets regardless of coexpression to
investigate whether coexpression-defined targets would in-
crease the precision of prediction. Figure 1 illustrates a syn-
opsis of the study.

We generated 2 genetic scores to study miR-137 target
gene variation. A polygenic coexpression index (PCImiR-137)
(21–23) indexed the predicted expression of a subset of miR-
137 targets associated with SCZ risk that are coexpressed in
the PFC. Therefore, this index identifies a miR-137–related
as used to translate postmortem brain gene expression into predictions of
; fMRI, functional magnetic resonance imaging; GTEx, Genotype-Tissue
A; NIMH, National Institute of Mental Health; PCI, polygenic coexpression
, schizophrenia; UKBB, UK Biobank; WGCNA, weighted gene coexpression
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biological pathway of risk, but not necessarily participant-level
risk, for SCZ. A PRSmiR-137 included the overall statistical risk
for SCZ harbored in miR-137 target genes weighted by their
GWAS-derived effect size (20). This score is an index of miR-
137–related participant-level genetic risk for SCZ. Both
PCImiR-137 and PRSmiR-137 were tested as predictors of func-
tional magnetic resonance imaging (fMRI) WM/emotional face
recognition activation in the PFC and symptom improvement
after antipsychotic treatment in patients with SCZ.
METHODS AND MATERIALS

Experimental Design

Identification of a Gene Coexpression Network in the
Human PFC. CommonMind Consortium RNA sequencing
data from postmortem PFC (24) served to identify a gene
coexpression network in neurotypical individuals using
weighted gene coexpression network analysis (WGCNA) (25).
A dataset matching the fMRI sample on age and ancestry
included 147 neurotypical Caucasian adults (demographics in
Table S1 in Supplement 1; Section 1.1 in Supplement 1). After
correcting the expression data for confounding variables, such
as the linear and quadratic effects of RNA integrity number,
postmortem brain tissue pH, age, postmortem interval, insti-
tute, sex, and library batch, we computed a WGCNA as pre-
viously reported (22) on 17,173 genes (Section 1.1 in
Supplement 1).

We validated the discovered gene-gene relationships using
3 independent datasets [BrainEAC (Brain eQTL Almanac)
frontal cortex (n = 123) (26), Braincloud PFC Brodmann area
(BA) 46 (n = 59) (27), and Genotype-Tissue Expression (GTEx)
(28) PFC BA 9 (n = 183)] (Table S1 in Supplement 1; Section 1.1
in Supplement 1) (29) and assessed the replication of each
coexpressed gene set, called a module, using preservation (30)
and permutation techniques (Section 1.1 in Supplement 1).
Briefly, for each discovery module and replication dataset, we
computed the median of its topological overlap matrix and
compared this value against the null distribution of medians
computed on 10,000 random modules of identical size. We
calculated the replication p values for each module through a
meta-analytic approach summarizing the p values obtained
(sum-log Fisher’s method; aBonferroni = 0.05/[Nmodules 3 3]). We
also assessed the replication of the discovered coexpression
patterns in the GTEx amygdala dataset (n = 127) (Table S1 in
Supplement 1) as previously described.

Module Prioritization and Functional Analysis. We
assessed the overlap between genes in the replicated coex-
pression modules and miR-137 target genes derived via a
meta-analysis of 4 microRNA target databases (31–34) (sum-
log Fisher’s method; aBonferroni = 0.05/[replicated Nmodules]).
Then, we assessed the overrepresentation of 120 genes
prioritized by the latest PGC3 GWAS (4) within the miR-137–
enriched modules (Table S2 in Supplement 2; Section 1.2 in
Supplement 1).

We investigated module function via enrichments for cell-
type markers (35), transcriptome-wide associations (36–38),
gene ontologies (PANTHER) (39), chromosomal locus (40), and
brain region-specific expression during neurodevelopment (41)
358 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
(Section 1.2 in Supplement 1). To validate the association of
coexpressed genes within each module with SCZ genetic risk
or miR-137, we computed the correlation between the module
eigengene and the PGC3 SCZ PRS (4) or PRSmiR-137 (20)
(described below), respectively.

Experimental Validation in Neuroblastoma Cells and
Data Analysis. We directly assessed the contribution of
miR-137 to the regulation of prioritized modules by a cell
model allowing for titration of miR-137 expression. Using
Neuro2A neuroblastoma cells, miR-137 was either overex-
pressed through PcDNA3.2/V5 mmu-mir-137 plasmid trans-
fections or knocked down through a CRISPR-Cas9 approach
(42) (Figure S5 in Supplement 1). The impact of dose-
dependent linear changes in miR-137 expression on
transcriptome-wide expression was evaluated using micro-
arrays (Mouse Gene 2.0 ST microarrays, Afymetrix/Thermo
Fisher) (Section 1.4 in Supplement 1). In the linear models,
gene expression was the dependent variable, and miR-137
quantification was the predictor. We assessed over-
representation of dose dependently expressed genes (DDEGs)
(false discovery rate–corrected q , .05) in the target modules
(Section 1.4 in Supplement 1) and of SCZ risk genes among
the DDEGs (hypergeometric test). We assessed the over-
representation of genes differentially regulated in rodents
following genetic knockout (43) and overexpression (44) of
miR-137 in all replicated modules.

Expression Imputation of miR-137 Target Genes:
SNP Identification. The PCImiR-137 was computed to test
system-level phenotypes associated with the module of in-
terest. We identified SNPs in the module genes associated
with the first principal component of module gene expression
(a measure of coexpression of the module) (21,23,27,45–49)
(Section 1.5 in Supplement 1), estimated the effect of allelic
dosage via a robust linear model (rlm function—robust R
package), and ranked SNPs according to their p values (22).
We assessed the top 50 ranked SNPs (22) and picked the top
SNPs that replicated the association with coexpression in the
largest replication dataset that we had available (BrainEAC)
(Section 1.5 in Supplement 1).

Neuroimaging Study

University of Bari Aldo Moro Sample. We recruited 350
healthy volunteers distributed in a discovery cohort of 214
participants with both emotional face recognition and WM data
and a replication cohort of 136 participants for the emotional
face recognition task only (Table S1 in Supplement 1). Inclu-
sion/exclusion criteria have been described elsewhere (Section
1.6 in Supplement 1) (50). Participants signed an informed
consent form complying with the Declaration of Helsinki after
fully explaining all procedures approved by the local ethics
committee.

UK Biobank Sample. This cohort included older partici-
pants than the University of Bari Aldo Moro (UNIBA) cohorts
(Table S1 in Supplement 1); therefore, we split the UK Biobank
sample by median age (58 years) into 2 subsamples of 2075
and 1800 healthy individuals, respectively, so that the younger
arch 2024; 9:356–366 www.sobp.org/BPCNNI
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UK Biobank subsample matched the upper age limit of the
UNIBA discovery sample [see Section 1.6 in Supplement 1 and
http://www.ukbiobank.ac.uk/ (51)]. The UK Biobank received
regular ethical approval (reference 11/NW/0382). All partici-
pants provided informed consent (http://biobank.ctsu.ox.ac.
uk/crystal/field.cgi?id=200). All participants included in this
study are of European ancestry (Section 1.6 in Supplement 1;
Figures S8, S9 in Supplement 1).

Genetic Score Computation. We genotyped all partici-
pants (52) and performed imputation and quality checks
(Section 1.6 in Supplement 1) [see (53) for UK Biobank]. The
PCImiR-137 is the average of coexpression effects of the
selected SNP alleles in the postmortem study, which were
replicated in the BrainEAC. A subset of the selected SNPs was
used to calculate the PCImiR-137 in the UK Biobank sample due
to array differences or quality control procedures (see Results
and Section 1.6 in Supplement 1 for additional details).
Instead, we computed the PRSmiR-137 for SCZ using standard
procedures (54) with the miR-137 target gene list and SNPs
previously reported (20) (the SNP-level significance thresholds
were p , 1025, p , .05, and p , .5). Notably, previously re-
ported scores relied on PGC2 GWAS statistics (13). Here, in
addition to replicating Cosgrove et al.’s findings (20), we tested
the most recent [PGC3 (4)] PRSs computed with their same
method (20). Scores computed to control for possible con-
founders are reported in Sections 1.5, 1.7, and Supplemental
Results in Supplement 1.

Experimental Procedures. Emotional face recognition
(“Faces”) and WM (“N-Back”) tasks were acquired at UNIBA
(55–60), whereas the Faces Matching Task (61,62) was used in
the UK Biobank (Section 1.6 in Supplement 1). fMRI data
collection, preprocessing, and analysis followed standard
procedures (Section 1.5 in Supplement 1) (27,63).

Statistical Analysis. We used SPM12 to perform the ana-
lyses. For the coexpression analysis, we used the linear and
quadratic terms of PCImiR-137 (21,45,49) as predictors and age,
sex, and 5 genomic eigenvariates as covariates in a multiple
regression model. For the PRSmiR-137 analyses, we used PRSs
as predictors and the same covariates reported above. For the
UNIBA WM/Faces discovery sample, we report results
thresholded at the whole-brain level masked by task activity at
peak or cluster level, adjusted for multiple comparisons as the
number of voxels (familywise error–corrected p [pFWE], .05). In
the UNIBA Faces replication sample, we obtained a more in-
clusive mask of the cluster detected in the discovery analysis
thresholded at voxelwise p , .05 uncorrected and performed a
small-volume correction (pSVC , .05). Because the UK Biobank
dataset differed in terms of age distribution, experimental
procedure, and PCImiR-137 computation, we first tested the
effect of PCImiR-137 on the whole sample through analysis of
covariance including the age group 3 PCImiR-137 interaction to
account for possible aging effects. Then, multiple regression
models were independently computed in both UK Biobank
subsamples to validate the results obtained in the UNIBA
sample including the age 3 PCImiR-137 interaction. We
thresholded the results at p , .05 at the whole-brain level
Biological Psychiatry: Cognitive Neuroscience and Ne
masked by task activity at peak or cluster level (pFWE , .05),
followed by small-volume correction (pSVC , .05) to verify the
overlap with the significant voxels from the UNIBA sample
discovery analysis.

A connectivity analysis linked miR-137 target gene–
predicted expression in the dorsolateral PFC with prefrontal-
amygdala functional coupling using a genetic-physiological
interaction approach (64). Here, we used the prefrontal seed
associated with the PCImiR-137 and extracted movement- and
task-corrected estimates from the bilateral amygdala [Wake
Forest University Pickatlas (17)] (Section 1.6 in Supplement 1).

Clinical Study

We assessed the clinical relevance of the PRSmiR-137 and
PCImiR-137 by testing their associations with clinical readouts in
patients with SCZ (Table S1 in Supplement 1; Section 1.7 in
Supplement 1). We included 3 independent clinical cohorts,
from the CATIE (Clinical Antipsychotic Trials of Intervention
Effectiveness) Project (65), UNIBA, and the University of
Brescia. Cohorts were evaluated at baseline and after either 2
weeks or 1 month of treatment, as described in Section 1.8 in
Supplement 1. We assessed symptom improvement rated with
the Positive and Negative Syndrome Scale and calculated as
100 3 (baseline 2 end point)/baseline evaluations, using the
sum of the positive, negative, and general Positive and
Negative Syndrome Scale items, so that a higher score in-
dicates higher improvement. To investigate the association
between PRSmiR-137 and PCImiR-137 and positive and negative
symptoms, we generated a linear model with symptom
improvement in each domain as the dependent variable and
age, sex, and the first 10 genomic eigenvariates as covariates.
We performed a meta-analysis of Fisher’s z-transformed cor-
relation coefficients obtained using a random-effects mixed
model (rma.uni function of the metafor R package, https://cran.
r-project.org/web/packages/metafor/metafor.pdf). Bonferroni
correction was used to adjust for multiple comparisons.

RESULTS

miR-137 Targets and SCZ Risk Genes Were
Coexpressed in the "Darkorange" Module

Our gene coexpression network included 51 modules plus the
gray module of 3018 nonclustered genes. Permutation tests
revealed that gene-gene relationships in 35 of 51 modules
were preserved in 3 replication datasets (Bonferroni-adjusted
p , aBonferroni = 0.05/[50] = .00098) (Figure S1 in Supplement
1). Gene loadings on the module expression were concor-
dant across replication datasets (binomial p values, all
p , 10212) (Figure S2 in Supplement 1), suggesting repro-
ducible directions of gene-gene relationships. These gene-
gene relationships were largely replicated in the amygdala
(Figure 2A). Next, enrichment for miR-137 targets was evalu-
ated for each module, drawing from a universe of 1935 miR-
137 target genes derived from 4 bioinformatic tools (Section
1.2 in Supplement 1). We found 6 of the 35 reproducible
modules enriched for miR-137 target genes (Bonferroni-
adjusted p , aBonferroni = 0.05/[35] = .0014) (Table S3 in
Supplement 2; Figure 2A). Of these 6 modules, only darkor-
ange (173 genes) (Table S4 in Supplement 2) was significantly
uroimaging March 2024; 9:356–366 www.sobp.org/BPCNNI 359
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Figure 2. Module prioritization. (A) Overview of the overrepresentation in all replicated modules (35 of 51). Each column in the heatmap shows a color-coded
association probability between the module and the variable. Gene enrichment analyses (red palette) represent hypergeometric tests of overrepresentation of
gene lists; module eigengene-PRS associations (green palette) represent the p value of Pearson’s correlations; amygdala replication (violet palette) represents
the empirical probability of gene-gene correlations within a module using a null distribution. Individual columns illustrate miR-137: miR-137–predicted targets in
humans (meta-analysis of 4 target prediction databases); SCZ: PGC3 SCZ genes (42); MAGMA: PGC3 genetic variants associated with SCZ (MAGMA,
competitive enrichment analysis); DDEGs: DDEGs in neuroblastoma cells (list derived from false discovery rate–corrected q , .05 linear covariation with miR-
137 concentration); DEGs KO/OE up/down: DEGs in 2 murine models (44,45) divided into upregulated and downregulated genes; PRS 1/PRS 6: association of
module eigengenes with PRS for SCZ at genome-wide (PRS 1: p = 53 1028) or nominal (PRS 6: p = .05) single nucleotide polymorphism inclusion significance
(1 indicates a positive nominally significant correlation, and 2 indicates a negative nominally significant correlation); PRS 1/PRS 6 miR-137, association with
the PRSmiR-137; amygdala, replication empirical p value in the amygdala. The colormap highlights darkorange relative to other modules. (B) Scatterplot il-
lustrates the enrichment of each replicated module for miR-137 targets as assessed in neuroblastoma cells and in bioinformatic predictions in humans. The 2
assessments covaried except for the blue and red outliers. CMC, CommonMind Consortium; DDEG, dose dependently expressed gene; DEG, differentially
expressed gene; KO, knockout; ME, module eigengene; OE, overexpressed; PGC, Psychiatric Genomics Consortium; PRS, polygenic risk score; SCZ,
schizophrenia.
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enriched for genes in the SCZ risk loci (Bonferroni-adjusted
p = 8.910253 6 = .0005) (Figure 2A, column 2); 7 of 156 protein-
coding genes in 7 risk loci (Table S8 in Supplement 2) and 101 of
120 SCZ genes (4) were annotated in the network; 14,939
protein-coding genes were represented the enrichment back-
ground. Darkorange genes were also associated with greater
SCZ risk than other replicated modules using MAGMA (66)
(Bonferroni-adjusted p = .00123 35 = .042) (Figure 2A). The first
principal component of darkorange gene expression explained
54% of Darkorange expression variance and was positively
correlated with the PGC3-PRS6 for SCZ in the CommonMind
Consortium cohort (n = 147, t146 = 2.11, p = .036) (Figure 2A). Six
of 7 SCZ risk darkorange genes were also predicted miR-137
targets, encompassing 19.4% (6 of 31) of genes in the
network that were both PGC3 hits and predicted miR-137 tar-
gets (Figure 3A). We validated the relationship between dar-
korange, SCZ risk, and miR-137 target genes (Section 1.3 and
Supplemental Results in Supplement 1), and through permu-
tation analysis, we determined that this 3-way interaction was
highly significant (Section 1.3 in Supplement 1) (empirical
p , .0001).

Darkorange Was Enriched for Neuronal Markers
and Gene Ontologies Relevant to Neuronal Function

The cell-type marker overrepresentation analysis ascribed the
darkorange module to excitatory and inhibitory neurons
360 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
(excitatory PFC: Bonferroni-adjusted p = 4.7 3 10219 3 35 3

10 = 1.6 3 10216; GABAergic [gamma-aminobutyric acidergic]
neurons: Bonferroni-adjusted p = 4.4 3 10215 3 35 3 10 =
1.5 3 10212) (Figure S3 in Supplement 1), and the specific
expression analysis across brain regions and development
revealed that darkorange genes were preferentially expressed
in the PFC during young adulthood (pcorrected = 1.7 3 1025

[specificity index probability , .01]) (Figure S4 in Supplement
1). Accordingly, the darkorange module was functionally
enriched for synaptic signaling (GO:0099536, 19 genes, fold
enrichment = 5.8, pcorrected = 8.4 3 1026) and nervous system
development (GO:0007399, 41 genes, fold enrichment = 2.4,
pcorrected = 6.43 1024) (Figure 3B). This evidence suggests that
the miR-137–related coexpression patterns found in this
module are more closely associated with prefrontal neuronal
functioning and maturation than glia during adolescence, a
crucial developmental period for the onset of SCZ psychopa-
thology (67,68). No significant results were found for
transcriptome-wide associations or chromosome locus over-
representation analyses (p . .05).

Darkorange Was Enriched for Genes Modulated by
miR-137

Evaluation of miR-137 expression using quantitative polymer-
ase chain reaction confirmed the efficacy of the knockdown
and overexpression procedures (Table S5 in Supplement 1).
arch 2024; 9:356–366 www.sobp.org/BPCNNI
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Figure 3. Darkorange module features. (A) Intersection between darkorange genes, PGC3 schizophrenia genes, and miR-137 targetome bioinformatic
predictions in humans. (B) Gene ontologies associated with darkorange genes. Reported p values are corrected for multiple comparisons. PGC, Psychiatric
Genomics Consortium.
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We identified 580 DDEGs that showed linear covariation with
miR-137 (false discovery rate–corrected q, .05). The DDEG set
was also enriched for miR-137–predicted targets (hypergeo-
metric test, p = 1.27 3 10277). Except for 2 outlier modules [red
and blue, over 3 standard deviations from the mean over-
representation expressed as 2log10(p)], there was good
agreement between module enrichment for bioinformatically
predicted miR-137 targets and module enrichment for DDEGs
(Figure 2A), as shown by a significant positive correlation across
modules (n = 33 after outlier removal, r = 0.41, p = .017). The
darkorange module included 13 DDEGs of 141 genes
expressed in neuroblastoma cells, which is a significant pro-
portion (p = .011) (Figure 2B; Figure S6 in Supplement 1).
Moreover, the darkorange module was enriched for genes
independently associated with miR-137 knockout (43) (p = .041)
(Figure 2A) and overexpression (44) (p = .0017) (Figure 2A). Only
a few modules overrepresented miR-137 DDEGs (Figure 2A),
supporting the relative specificity of the darkorange module for
miR-137 targets.

The PCI Combined Reproducible Associations of
SNPs With Darkorange

Fifteen of the SNPs in the darkorange genes were associated
with the first principal component of darkorange gene
expression. PCIs including 7 to 15 of the most darkorange-
associated SNPs were replicated (BrainEAC: 1-tailed p , .05).
Table S9 in Supplement 2 includes annotations of the 15
SNPs; Table S6 in Supplement 1 reports allelic weights. The
PCImiR-137 including 15 SNPs was tested in the UNIBA neu-
roimaging samples, while a subset of 9 SNPs formed the
PCImiR-137 that was tested in the UK Biobank sample (Section
1.5 and Section 1.7 in Supplement 1).
Biological Psychiatry: Cognitive Neuroscience and Ne
Neuroimaging Revealed an Association of miR-137–
Related Coexpression With Emotion Processing

Complete fMRI statistics are reported in Table S7 in
Supplement 1. During the Faces task, the linear term of the
PCImiR-137 was positively correlated with activation in a right
prefrontal cluster, including BA 8, 9, and 46, in the discovery
sample (peak Z = 4.7; pFWE = .004; 57 voxels; Montreal
Neurological Institute [MNI] coordinates x = 50, y = 12, z = 42,
R2 = 0.1) (Figure 4A). We replicated the effect in the replication
sample (peak Z = 3.7, pSVC = .007; 34 voxels; MNI coordinates
x = 50, y = 19, z = 31, R2 = 0.1) (Figure 4B). Therefore, greater
darkorange-predicted coexpression was associated with lower
miR-137 expression (see Figure S6 in Supplement 1) and
greater prefrontal activity during emotion processing. Greater
PCImiR-137 was also associated with lower prefrontal-amygdala
connectivity during emotion processing (pSVC , .05) (Figure S7
in Supplement 1). We found no effect of PRSmiR-137 on the
Faces task. We found no effect from PCIs derived from the 5
modules that were associated with miR-137 but not with SCZ.

In the whole UK Biobank sample, we found no significant
main effect of PCImiR-137 in the context of a significant age
group 3 PCImiR2137 interaction during the Faces Matching
Task overlapping the cluster detected in the discovery sample
(peak Z = 3.79, pSVC = .015; 84 voxels; MNI coordinates x = 50,
y = 24, z = 40, R2 = 0.004) (Figure S10B, C in Supplement 1)
such that the effect of the PCImiR-137 on blood oxygen level–
dependent signal estimated during emotion processing was
in the opposite direction as a function of the age stage. In the
younger UK Biobank subsample, a PCImiR-137 showed a pos-
itive linear association with right prefrontal activation in a
cluster encompassing BA 44, BA 46, and BA 45 at 12 mm from
the discovery cluster (peak Z = 3.72; cluster-level pFWE = .04;
uroimaging March 2024; 9:356–366 www.sobp.org/BPCNNI 361
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Figure 4. Association of miR-137–related coexpression with emotion processing and working memory. (A–C) Rendering of the brain activation positively
associated with PCImiR-137 during emotion processing in the (A) University of Bari Aldo Moro discovery, (B) replication, and (C) UK Biobank samples. (D, E)
Rendering of the brain activation (D) during working memory associated with a PGC2-derived PRSmiR-137 and (E) with the complementary score computed
using PGC3-schizophrenia variants not harbored within miR-137. Color bar indicates z scores. Right in the figures is right in the brain. Each scatterplot refers to
the cluster highlighted in the rendering on its top. In the scatterplots, axes are scaled with mean = 0 and SD = 1. BOLD, blood oxygen level–dependent; DLPFC,
dorsolateral prefrontal cortex; PCI, polygenic coexpression index; PGC, Psychiatric Genomics Consortium; PRS, polygenic risk score.
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k = 1685; MNI coordinates x = 38, y = 28, z = 10, R2 = 0.01)
(Figure 4C; Section 1.7 and Supplemental Results in
Supplement 1). This cluster overlapped by 10 voxels with the
discovery cluster (peak Z = 2.09; puncorrected = .018; pSVC = .6;
MNI coordinates x = 54, y = 8, z = 34, R2 = 0.001). In the older
UK Biobank subsample, we found no significant main effect of
PCImiR-137 in the context of a significant age 3 PCImiR2137

interaction overlapping with the cluster detected in the dis-
covery sample (peak Z = 3.58; pSVC = .031; 154 voxels; MNI
coordinates x = 50, y = 22, z = 38, R2 = 0.007) (Figure S10A in
Supplement 1).

We found no significant effect of the PCImiR-137 on WM-
related activity, in contrast to the independently reported as-
sociation ofWM-related activitywith aPGC2derivedPRSmiR-137

by Cosgrove et al. (20). Replicating their result, we found that a
PGC2-derived PRSmiR-137 was positively correlated with WM
activity in the frontoparietal network, including a right prefrontal
cluster spanning the anterior cingulate cortex and BA 9/8/44
(peak Z = 4.0; peak pFWE = .061; cluster-level pFWE = .036; 76
voxels;MNI coordinates x=8, y=23, z=28/ x=27, y=30, z =35/
x = 42, y = 16, z = 31) (Figure 4D). This effect was not observed
when using SCZ risk variants not harbored within miR-137 tar-
gets (Figure S7 in Supplement 1). When we tested a PGC3-
362 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
derived PRSmiR-137, results for WM were no longer significant.
Instead, the complementary score computed using SCZ vari-
ants not harbored within miR-137 targets at the same threshold
(p , .5) was associated with WM activity, with a significant
cluster spanning BA 44/47 (peak Z = 4.1; peak pFWE = .03;
cluster-level pFWE = .12; 40 voxels; MNI coordinates x =240, y =
27, z = 9) (Figure 4E).
The Polygenic Index of miR-137–Related
Coexpression Was Correlated With Negative
Symptom Improvement in Patients With SCZ After
Short-Term Treatment With Antipsychotics

Consistent with the association with brain activity during
emotion processing, improvement in negative symptoms was
negatively associated with the PCImiR-137 (98.3% CI derived
from aBonferroni = 0.05 3 3 = .017; z-transformed coefficient
[98.3% CI]: 20.13 [20.25 to 20.02]) (Figure 5). The PRSmiR-137

showed no significant association with symptoms. These re-
sults suggest that greater darkorange gene expression is
associated with less improvement in negative symptoms after
short-term antipsychotic treatment.
arch 2024; 9:356–366 www.sobp.org/BPCNNI
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Figure 5. PCImiR-137 association with schizophrenia symptom improve-
ment. Forest plot for the meta-analytic association of positive, negative, and
general symptom improvement with PCImiR-137. Squares represent Fisher’s
z-transformed correlation coefficients obtained for each site with horizontal
confidence interval bars (1 2 a, where a is corrected for comparison across
3 domains). Diamonds represent the RE model–derived meta-analytic linear
coefficient with lateral tips showing confidence intervals. The dotted vertical
line indicates no significant effect. Names of clinical cohorts are shown on
the left; coefficients and confidence intervals are shown on the right. PCI,
polygenic coexpression index; RE, random effect.
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DISCUSSION

Emotion processing and WM have been proposed as core
features in multiple brain disorders (69). However, the severity
of emotion processing and WM impairments seems to be more
pronounced in SCZ (70,71), and they have been proposed as
SCZ intermediate phenotypes (72,73). Here, we sought to
disentangle the effects of SCZ risk–related genetic pathways
of miR-137 regulation on brain functional phenotypes associ-
ated with SCZ risk to shed light on the biological mechanisms
underlying SCZ.

We hypothesized that miR-137 regulates coexpression of
SCZ risk genes prioritized in the latest PGC3 GWAS in the
human PFC and evaluated the involvement of miR-137 targets
in WM and emotion processing. We identified a coexpression
module (darkorange) that shows overrepresentation of SCZ
genes and the regulation of which by miR-137 is supported by
in vitro and in vivo experimental evidence. We validated the
Biological Psychiatry: Cognitive Neuroscience and Ne
association of darkorange genes with miR-137 in a neuro-
blastoma cell model and 2 published datasets. We charac-
terized the functional genetics of darkorange and developed an
index of coexpression of genes in this module. SNAP91,
CACNB2, ATP2A2, BCL11B, GRIN2A, and NLGN4X genes
were at the intersection between miR-137–associated coex-
pression and SCZ risk. ATP2A2 is one of the genes with the
widest support for coexpression with other SCZ risk genes in
the PFC (74). Darkorange genes have greater expression levels
in neurotypical adults with greater SCZ genetic risk and in in-
dividuals with low miR-137 expression. Gene ontology analysis
links darkorange genes with neurodevelopment and synaptic
signaling. Coexpression of darkorange genes and miR-137
target gene SCZ risk reflected by PCImiR-137 and PRSmiR-137,
respectively, were associated with distinct neuroimaging
readouts.

While replicating previous evidence that a PGC2-derived
PRSmiR-137 is associated with prefrontal activity during WM,
when including SCZ risk variants significant in the PGC3 SCZ
GWAS, we found that the association with prefrontal activity
was not specific to miR-137 target genes while being more
generally linked with the SCZ PRS not including miR-137 tar-
gets. This result confirms Cosgrove et al.’s (20) findings, while
showing that the link between SCZ genetic risk and WM goes
beyond miR-137 targets. When considering genetic variation
indexing miR-137–regulated gene coexpression in the same
brain region by the PCImiR-137, we discovered that the
PCImiR-137 was positively related to prefrontal activity but
negatively related to prefrontal-amygdala coupling during
emotion processing and unrelated to WM. Furthermore,
greater PCImiR-137 was associated with less improvement in
negative but not positive or general symptoms in patients with
SCZ, improving understanding of functional genomics
involving miR-137 (3). Previous reports might be inconsistent
about the functional role of miR-137 in brain imaging pheno-
types because of the limits of GWAS-derived scores. Instead,
coexpression effects are directional: Greater target gene
expression is associated with lower miR-137 expression and
higher SCZ risk.

Common Variation in Target Genes of miR-137 Was
Related to Emotion Processing

In this study, we analyzed around 4600 individuals across the
UNIBA and UK Biobank samples, which is larger than previ-
ously tested cohorts (17,20), the sizes of which ranged up to 86
participants. Because we assessed neurotypical individuals
without a familial psychiatric history, findings indicate that
greater miR-137 target gene expression (mostly associated with
lower miR-137 expression, Figure S6 in Supplement 1)—in turn
linked with greater SCZ risk (15)—is associated with greater
prefrontal activity, possibly influenced by age effects and lower
prefrontal-amygdala coupling during emotion processing. We
speculate that lower miR-137 expression in the PFC is associ-
ated with risk for SCZ by increased target gene expression.

Limitations

Only 50 of the 1935 bioinformatically predicted miR-137 tar-
gets have been experimentally validated (75), although the
number is likely to be higher. Because parsing 50 genes
uroimaging March 2024; 9:356–366 www.sobp.org/BPCNNI 363
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across 51 coexpression modules would be inadequate for
enrichment analysis, we relied on predictions, as has been
done elsewhere (20). We endeavored to address this limitation
through in vitro experiments showing that darkorange stands
out at the intersection between bioinformatics and neuro-
blastoma cell findings (Figure 2B). Data from 2 in vivo models
of miR-137 knockout and overexpression provided further
support for the association between darkorange and miR-137.
For the UK Biobank replication, we could only use 9 instead of
15 SNPs used for PCImiR-137 computation in the UNIBA
samples, which likely impacted our statistical effects (Section
1.5 in Supplement 1). It is also possible that the analysis in the
smaller discovery and replication UNIBA samples yielded
inflated effect sizes due to the higher variability typically
associated with small sample sizes (76).

Conclusions

Genes coexpressed in darkorange overrepresented both SCZ
risk genes and miR-137 targets, suggesting that miR-137–
mediated coexpression may represent a point of
convergence of genetic risk for SCZ. These genes were syn-
ergistically overexpressed in adults at greater risk for SCZ and
individuals with lower PFC miR-137 expression from our
postmortem investigation. Moreover, miR-137 SCZ-related
coexpression was correlated with prefrontal activity and con-
nectivity during emotion processing and had a significant
association with SCZ negative symptom improvement, sug-
gesting that miR-137–mediated coexpression may be impli-
cated in clinical measures of SCZ, thus indicating a possible
target for new SCZ treatments.
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