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its replicable association with the schizophrenia risk
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Background: Among healthy participants, the interindividual variability of brain response to facial emotions is associated with genetic
variation, including common risk variants for schizophrenia, a heritable brain disorder characterized by anomalies in emotion processing.
We aimed to identify genetic variants associated with heritable brain activity during processing of facial emotions among healthy partici-
pants and to explore the impact of these identified variants among patients with schizophrenia. Methods: We conducted a data-driven
stepwise study including samples of healthy twins, unrelated healthy participants and patients with schizophrenia. Participants ap-
proached or avoided pictures of faces with negative emotional valence during functional magnetic resonance imaging (fMRI). Results:
We investigated 3 samples of healthy participants — including 28 healthy twin pairs, 289 unrelated healthy participants (genome-wide
association study [GWAS] discovery sample) and 90 unrelated healthy participants (replication sample) — and 1 sample of 48 patients
with schizophrenia. Among healthy twins, we identified the amygdala as the brain region with the highest heritability during processing of
angry faces (heritability estimate 0.54, p < 0.001). Subsequent GWAS in both discovery and replication samples of healthy non-twins
indicated that amygdala activity was associated with a polymorphism in the miR-137 locus (rs1198575), a micro-RNA strongly involved
in risk for schizophrenia. A significant effect in the same direction was found among patients with schizophrenia (p = 0.03). Limitations:
The limited sample size available for GWAS analyses may require further replication of results. Conclusion: Our data-driven approach
shows preliminary evidence that amygdala activity, as evaluated with our task, is heritable. Our genetic associations preliminarily sug-
gest a role for miR-137 in brain activity during explicit processing of facial emotions among healthy participants and patients with schizo-
phrenia, pointing to the amygdala as a brain region whose activity is related to miR-137.

Introduction

Facial expressions of primary emotions are universally recog-
nized by humans and are considered innate.!? They carry
crucial information about what to expect from social inter-
actions and, more generally, from the environment. Recog-
nizing facial expressions that signal threats, such as angry
and fearful faces, can be important to avoid harm and deal
with potentially dangerous situations.?

Visual processing of angry and fearful faces is associated
with activity in several brain regions, including the limbic
areas (i.e., amygdala and parahippocampal gyrus, posterior

cingulate cortex), temporoparietal areas (i.e., inferior and
superior parietal lobule, middle temporal gyrus), insula,
prefrontal areas (i.e., inferior and medial frontal gyrus),
subcortical areas (i.e., putamen) and the cerebellum,* as re-
vealed by functional neuroimaging. In particular, activity
in the prefrontal areas and amygdala is greater during ex-
plicit than implicit paradigms, when the emotional content
of faces is explicitly evaluated and not just automatically
processed at a more basic level of consciousness.® This find-
ing reflects a direct involvement of the prefrontal cortex
and amygdala in processing threatening and social emo-
tion stimuli.
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However, although compelling evidence from behav-
ioural research on infants, blind people and twins have con-
sistently supported an innate source for expression and rec-
ognition of facial emotions,®” the cerebral and biological
evidence toward the heritability of this behaviour remains
sparse. Recent imaging genetics studies have shown that ac-
tivity in brain areas specifically involved in response to
threatening faces is associated with common genetic vari-
ants.® For example, the combination of functional imaging
paradigms and single-gene data has yielded associations
between prefrontal and limbic brain activity with genetic
variants of the SLC6A4 serotonin transporter,’ the catechol-
O-methyltransferase enzyme (COMT gene),'® the mono-
amine oxidase A enzyme (MAOA gene),! and the dopa-
mine D2 receptor (DRD2 gene).'>!?

Notably, previous studies were based on hypotheses
about specific brain regions or specific genetic variants.
Thus far, only few variants have been associated with pro-
cessing of facial emotions. In a data-driven neuroimaging
genetics study, Elliot and colleagues,** using data from the
UK Biobank, searched for genome-wide association with
3144 functional and structural brain phenotypes, finding no
significant association with task-based phenotypes on func-
tional magnetic resonance imaging (fMRI), including im-
plicit processing of facial emotion. However, this study con-
sidered brain activity of imaging-derived phenotypes as a
whole, summarizing measures of functional activity in re-
sponse to different tasks (thus, also nonemotional tasks). It
is possible that identifying common genetic variants related
to the brain’s underpinnings of facial emotion processing
requires more specific hypotheses about the brain regions
involved and the details of the tasks used to probe brain
activity. Moreover, knowledge about heritability of brain re-
gions’ activity during processing of facial emotions, which
can be investigated in twins, is wanting. Indeed, we con-
tend that a brain map of such heritability would validate
the focus on brain areas whose function is most strongly as-
sociated with genetic variation, thus increasing the statis-
tical power of the investigated association and preserving
the functional specificity of the brain regions.

The relevance of this line of research is evident when
considering that severe psychiatric disorders often include
symptoms of emotion dysregulation.’> For example, the
diagnosis of schizophrenia includes affective flattening and
dysregulated social behaviour on the one hand and im-
paired perception of facial expressions on the other.' These
impairments are core domains of social cognitive dysfunc-
tion in schizophrenia, are linked to psychopathology and
are predictors of functional outcomes.” A growing number
of studies involving patients with schizophrenia shows
that impaired facial perception is detected, especially for
threatening facial expressions such as fearful and angry
faces.’™*! Moreover, dysregulation of approach and avoid-
ance (i.e., fight or flight) behaviour is a key aspect of social
dysfunction in schizophrenia (e.g., increased emotionality
but deficit in perception and expression of emotion).” %%

The diagnosis of schizophrenia is highly heritable.** Nota-
bly, the third multistage genome-wide association study

(GWAS), conducted by the Psychiatric Genomic Consor-
tium (PGC), identified 287 independent genetic loci confer-
ring risk for schizophrenia.”® Supporting the idea that gen-
etic risk for schizophrenia is also associated with emotion
processing in unaffected people, Germine and colleagues®
showed that the polygenic risk score for schizophrenia,
cumulating the effects of many polymorphisms, is associ-
ated with higher reaction times when recognizing facial
emotions among children, starting already at age 9 years.
However, a recent study involving healthy adults found no
significant association between the polygenic risk score for
schizophrenia and activity in any brain region.” The analy-
sis of separate single nucleotide polymorphisms (SNPs) did
reveal that rs9607782 — located near the gene EP300, which
codes for p300, a protein involved in fear memory consoli-
dation and amygdala plasticity — was significantly associ-
ated with amygdala recruitment during implicit processing
of angry and fearful faces. Furthermore, rs1702294, a SNP
located in miR-137 — a post-transcriptional master regula-
tor and one of the most strongly associated loci for schizo-
phrenia risk (p = 6.6 x 107'%)® — was nominally associated
with right amygdala activity but did not survive correction
for the number of emotion-related regions of interest,
selected a priori. However, the sample size and characteris-
tics (245 participants out of 578 presented with family his-
tory of major psychiatric disorders), as well as the hypothesis-
based selection of SNPs and regions of interest, may have
limited this investigation. Together, these studies suggest
that composite genetic risk for schizophrenia includes vari-
ants that play a role in emotion processing, but pinning
down these effects to specific brain regions is more difficult.
In addition, this study supports a nominally significant role
of the miR-137 variant in amygdala activation during im-
plicit processing of facial emotions, and not the genetic
underpinnings of explicit processing, which includes
decision-making in response to emotion recognition.

Thus, the main aim of the present study was to identify,
through a data-driven stepwise approach, common genetic
variants associated with brain activity during the processing
of faces with negative valence. In the first step, we aimed to
evaluate the heritability of whole brain activity among twins
during the processing of facial stimuli of fear and anger, in a
paradigm eliciting explicit social evaluation of facial expres-
sions. In the second step, we aimed to evaluate the associa-
tion of common genetic variants with the brain areas whose
activity was heritable, using a discovery sample and a repli-
cation sample of healthy unrelated participants. Finally,
given the findings on genetic variation associated with the
heritable brain activity to facial emotions that was also in-
volved in risk for schizophrenia, we further sought to explore
the impact of genetic variation in a third independent data
set of patients with schizophrenia.

Considering that facial expressions of fear and anger are
universally recognized and innate, that the prefrontal cor-
tex and the amygdala are markedly involved in attention
to threat and social evaluation of facial expressions and
that imaging genetic studies using single-gene approaches
support the hypothesis that genetic variation contributes
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to individual differences in the activity within the brain
circuit involved in processing facial emotions, especially
threatening faces, we hypothesized that activity of the pre-
frontal and amygdala regions in response to explicit pro-
cessing of fearful and angry faces is heritable. Importantly,
we expected that investigating the genome-wide associa-
tion of common variants with heritable activity of specific
brain regions would enhance the detection of replicable as-
sociations. Our overarching aim was a proof of concept on
the genetic architecture of emotion dysregulation, which is
a key symptom of many highly heritable brain disorders,
including schizophrenia.

Methods

Using a data-driven stepwise approach, we designed an ex-
ploratory study to identify common genetic variants associ-
ated with brain activity during the processing of faces with
negative emotional valence (Figure 1).

Participants

We recruited participants from Apulia, Italy, divided into
3 samples of healthy participants and 1 sample of patients with
schizophrenia. The first 3 groups included a sample of healthy
twin pairs, a sample of unrelated healthy participants for a
GWAS discovery sample and a sample of unrelated healthy
participants as the first replication sample, in which a different
batch composition was used for genotyping. We used a sample
of patients with schizophrenia as the second replication sample.
We used the Structured Clinical Interview for DSM-IV to con-
firm the diagnosis of schizophrenia for patients and to exclude
any Axis I psychiatric disorder for healthy participants.

Zygosity estimations
Among twins, we inferred zygosity using a standardized

questionnaire (2 peas in a pod; 95% accuracy?®), administered
to parents. We used twin samples, including monozygotic

A Twin sample

tll‘(aé
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-

Independent sample: discovery

A

C Independent sample: replication

Healthy SCz

Figure 1: Study design. We used a data-driven multi-step approach in which we first detected the brain region whose activity during explicit
processing of threatening faces had the highest heritability, investigating (A) a twin sample of healthy individuals. (B) Subsequently, we con-
ducted a genome-wide association study meta-analysis on that specific regional activity using independent discovery and replication samples
of healthy non-twins. (C) Finally, we sought replication in a sample of patients with schizophrenia (SCZ).
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and dizygotic twin pairs, for heritability estimation of
emotion-related brain activity.

Neuropsychological task

During fMRI, we presented angry, fearful, happy and neutral
facial expressions from a validated set of facial pictures
(NimStim, http://www.macbrain.org/resources.htm). We
instructed participants to decide if they would like to ap-
proach or avoid the face (explicit facial emotion processing).
For this study, we focused on the analysis of angry and fear-
ful faces (Appendix 1, available at www .jpn.ca/lookup/
doi/10.1503/jpn.230013/tab-related-content, for additional
information). Most healthy participants in this study also
conducted a second task, involving the implicit processing of
facial emotion of the same faces.

Functional magnetic resonance imaging data acquisition
and analysis

We performed blood oxygen level-dependent (BOLD) fMRI
on a GE Signa 3T scanner while participants performed the
emotion task. We analyzed fMRI data using Statistical Para-
metric Mapping 8 (Wellcome Department of Cognitive Neur-
ology). Appendix 1 includes details on data acquisition and
preprocessing. We entered individual contrast images in the
intraclass correlation (ICC) analyses,® as well as in a second-
level random effects analysis. We performed separate ¢ tests
of angry versus baseline and fearful versus baseline (regard-
less of the approach or avoidance choice) on all the samples
used in this study. We then extracted activity in these con-
trasts within the regions of interest selected via the ICC analy-
ses using the MarsBar toolbox (http://marsbar.sourceforge.
net/). Given that our aim was to characterize brain area acti-
vation during processing of threatening faces and that pro-
cessing of neutral faces activates mostly the same brain areas
as of threatening faces,**'*? the neutral condition represents a
contentious baseline, as mentioned elsewhere.®** Therefore,
in line with our study aims and coherently with several pre-
vious studies,* we used a fixation crosshair as a baseline to
control for activity related to basic body functions (e.g.,
breath, basic vision, space perception, body temperature
regulation) while preserving detection of brain activity dur-
ing processing of facial emotions (more details are available
in Appendix 1).

Estimates of genetic contribution on brain activity during
processing of threatening face emotions

To identify areas with heritable activity during processing of
threatening facial emotions, we selected the brain areas in
which the activity was highly correlated with the whole
brain activity of angry and fearful faces, as per the ICC analy-
sis of data from monozygotic twins (p, corrected for family-
wise error [FWE] < 0.05; ICC > 0.6) (Appendix 1).*° We
jointly estimated genetic and environmental contributions of
these areas by fitting an ACE model (where A is the additive
genetic, C is the common familial environment and E is the

environmental contribution unique to the individual), which
considers the covariance of monozygotic and dizygotic
twins, as well as the total phenotypic variance (Appendix 1).

We extracted the BOLD signal from the brain areas with
significant heritable activity and conducted a GWAS of
healthy participants to identify genetic variants associated
with the BOLD parameter estimates of these areas.

Genome-wide association study

Genotyping

Healthy participants and patients with schizophrenia under-
went blood withdrawal for subsequent DNA extraction from
peripheral blood mononuclear cells. We genotyped 2 groups
of healthy participants using the same procedure.®® We used
the largest group as a discovery set and the other as an in-
dependent replication set. Details of GWAS procedures are
shown in Appendix 1.

Quantitative trait loci analysis

We used the BOLD signal extracted from amygdala re-
gions of interest (generated using voxels with heritable ac-
tivity) from both the discovery and healthy replication
samples. The GWAS threshold for a discovery sample is
usually set to a p value less than 5 x 1078, with a 1-tailed
p value less than 0.05 for the replication sample. However,
our sample size was limited for a GWAS,*% and the dis-
covery sample was underpowered to detect common vari-
ants below the usual threshold. Thus, we further meta-
analyzed p values of the same SNP from discovery and
replication samples and computed an alternative, less
stringent genome-wide threshold.

Meta-analysis of genome-wide association study

We used the Stouffer formula to combine the p values of the
same SNP, weighted by the square root of the sample sizes of
the discovery and replication samples.®® The Stouffer method
is often used in meta-analysis to combine p values of genetic
variants across independent studies, including discovery and
replication studies, and derive an overall significance !
This approach allows for the integration of findings from
multiple cohorts or populations, increasing statistical power
and providing a more comprehensive understanding of the
genetic associations with complex traits or diseases.** The
Stouffer method is implemented in the metap R package
(sumz function). We retained only SNPs with a concordant
allelic dosage effect (i.e., SNPs whose reference allele is asso-
ciated with reduced or increased BOLD signal in both discov-
ery and replication sets).

Alternative thresholding for multiple tests

Given that the usual GWAS threshold may be too stringent
for our limited sample size, diluting true positive detec-
tion,*** we used an alternative method to estimate the
number of independent tests within our sample,*® which is
based on the principal component analysis decomposition
of genotype matrices. Indeed, the standard thresholds of
significance in GWAS are generally considered to be p less
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than 5 x 1078 or p less than 1 x 1078, for type I o levels of
0.05 and 0.01, respectively.* However, the restraint of type
I error may inflate type II error because the standard
GWAS method is based on a Bonferroni correction for an
assumed million independent genetic variants in the hu-
man genome. In studies with low power or low-frequency
alleles, a Bonferroni correction has been shown to be
overly conservative by detrimentally inflating the type II
error.” Alternative correction methods can ameliorate the
loss of power owing to a small sample size, when gather-
ing large numbers of participants is impractical.*#” Thus,
we used the SimpleM software as an alternative method of
correcting for multiple testing. SimpleM encompasses
3 steps, namely computation of the composite linkage dis-
equilibrium correlation matrix from the SNP data set, cal-
culation of the eigenvalues and calculation of the effective
number of independent tests through principal component
analysis, which amounted to 227319 independent tests.
Thus, the threshold p value of the 5% genome-wide signifi-
cance was adjusted to 2.2 x 107 (0.05/227 319).

Results
Participants

Our final study sample included 483 White participants, div-
ided into 3 samples of healthy participants and 1 sample of
patients with schizophrenia, including 28 healthy twin pairs
(16 monozygotic and 12 dizygotic twin pairs), 289 healthy
participants for the GWAS discovery sample, 90 healthy par-
ticipants for the first replication sample and 48 patients with
schizophrenia for the second replication sample (Table 1,
with further details on participant demographics reported in
Appendix 1). In the first replication sample, 1 individual was
excluded as an outlier on brain activity estimates (2-tailed
Grubbs test p < 0.05), with 89 participants remaining. Of the
total sample, 315 healthy participants also conducted a
second neuroimaging task, involving the implicit facial emo-
tion processing. Analyses and results of this additional task
run are shown in Appendix 1.

Table 1: Participant demographics

Neuroimaging results

Results of t tests from the 4 group samples of this study
revealed significant activation (FWE-corrected puy: < 0.05)
in brain areas during processing of facial emotions for
the angry versus baseline and fearful versus baseline
conditions (i.e., bilateral superior, middle and inferior
frontal gyrus; bilateral thalamus and hippocampus; para-
hippocampus; amygdala; bilateral fusiform gyrus, lingual
gyrus and posterior and anterior cingulate gyrus). More-
over, these maps served for the extraction of BOLD esti-
mates from the clusters selected via ICC analyses. We
entered these extracted values in the ACE model and
GWAS analyses.

Heritability results

Among healthy twins, we identified the bilateral amyg-
dala as the brain region with the greatest heritability
during explicit processing of angry faces, as evaluated
with our fMRI task (right amygdala: x =24,y =0, z = -18;
ICC =0.83, k =18, p < 0.001; left amygdala: x =-14, y = 0,
z = -22; ICC = 0.66, x = 5, p < 0.001) (Figure 2). Since we
did not find significant differences between the ICC val-
ues of the left and right amygdala (t test p > 0.05), we
combined the signals of these 2 regions, and recalculated
the ICC (ICC = 0.79, FWE-corrrected p < 0.05). After fit-
ting the ACE model, we obtained a heritability estimate
(a?) of 0.54 (common environment c¢* = 0.4, unique en-
vironment e* = 0.06).

We did not find any statistically significant ICCs in brain
activity among monozygotic twins during the explicit pro-
cessing of fearful faces.

To avoid type II errors, we also explored ICC data at
alternative thresholds of an ICC greater than 0.5 and an
uncorrected p value less than 0.005, and conducted sub-
sequent GWAS analyses (the results of these explora-
tions are shown in Appendix 1). Here, we report the re-
sults obtained with the most stringent threshold used
(ICC > 0.6).

Healthy non-twins

Healthy non-twins Patients with

Healthy twins (discovery sample) (replication sample) schizophrenia

Characteristic n = 56 (28 pairs) n =289 n =290 n =48
Age, yr, mean + SD 29.5+10.1 272+7.8 251 +7.5 32.6+8.4
Sex

No. (%) of females 33 (58.9) 146 (50.5) 49 (54.4) 16 (33.3)

No. (%) of males 23 (41.1) 143 (49.5) 41 (41.6) 32 (66.7)
Socioeconomic status*, mean + SD 33.1+13.0 40.7 £ 16.2 36.3+15.6 279 +16.1
1Qt, mean + SD 102 = 15.0 107.9+11.6 106.9 + 11.3 106.6 + 7.8
Handedness, mean + SD 0.63 + 0.55 0.77 +0.39 0.69 + 0.51 0.69 + 0.46

1Q = intelligence quotient; SD = standard deviation
*Measured using the Hollingshead Index of Socioeconomic Status.

tMeasured using the Wechsler Adult Intelligence Scale—Revised for healthy participants, and the Test d’Intelligenza Breve for patients.
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Figure 2: Functional magnetic resonance images, showing (A) left
and (B) right amygdala activity in the twin sample during processing
of face emotions. The combined signals of these 2 regions revealed
an intraclass correlation of 0.79 (p < 0.001) and a heritability esti-
mation (a?) of 0.54.

Genome-wide association study results

The subsequent GWAS, involving healthy non-twins, indi-
cated that bilateral amygdala activity during the emotion pro-
cessing task was associated with the rs1198575 polymorphism
(p = 1.5 x 107) (Figure 3). This result survived the SimpleM
corrected threshold for multiple testing (2.2 x 107)
(Appendix 1, Figure 1). This SNP is located in the 5" region of
the miR-137 host gene, at 51 kilobase pairs from miR-137 and

at 47 kilobase pairs from the host gene. Specifically, the C al-
lele is associated with lower amygdala activity during recog-
nition of angry faces, compared with the T allele (Figure 3A).
The genotypic effect of this SNP was significant in the same
direction in the replication sample (p = 0.01) (Figure 3B) and
among patients with schizophrenia (p = 0.03) (Figure 3C).

The GWAS meta-analysis in discovery (p = 1.5 x 107) and
replication (p = 0.01) samples of healthy non-twins indicated
that bilateral amygdala activity during the task was associ-
ated with the polymorphism rs1198575 (p = 9.1 x 10%), as
shown in Figure 3F. Table 2 and Appendix 1, Table 1 show
detailed GWAS results.

Discussion

This study explored the genome-wide association of common
genetic variations with brain activity during explicit process-
ing of faces with negative valence (i.e., angry and fearful
faces). To this aim, we used a data-driven multistep approach
in which we first detected the brain regions whose activity
during processing of threatening faces had the highest herit-
ability; subsequently, we conducted a GWAS meta-analysis
on brain regional activity using independent discovery and
replication samples of healthy non-twins; finally, we sought
replication in a sample of patients with schizophrenia. The
results from the small sample of twins suggested that amyg-
dala reactivity to judgment of angry faces (i.e., approach or
avoid responses) is significantly heritable. Furthermore, our
results from a healthy non-twin sample suggested that a
polymorphism close to miR-137 (rs1198575) has a genome-
wide association with amygdala response during processing
of angry faces, with C-allele carriers having lower activity
than participants who carried TT alleles. This finding was
also replicated in an independent sample of healthy partici-
pants and in a sample of patients with schizophrenia. Previ-
ous findings have shown that this polymorphism has a
genome-wide association with schizophrenia,”® with the C al-
lele conferring risk for the disorder.

The amygdala is a key region for the processing of facial
emotions® and its volume, as measured with structural MRI,
is significantly heritable.* Our twin study, which used fMRI
to investigate heritability of brain activity during explicit pro-
cessing of face emotions, suggests that amygdala activity re-
lated to face emotions is significantly heritable, as previously
suggested by single-gene candidate studies.'>'> Alterations of
amygdala activity during processing of facial emotions have
been consistently found in several psychiatric disorders, in-
cluding schizophrenia.*’ Specifically, a recent meta-analysis
found significant reductions of amygdala activity among
patients with schizophrenia during processing of faces with
negative valence.® Also, consistent with our study, previ-
ous findings have indicated amygdala hypoactivity among
people at genetic risk for psychiatric disorders.”

MicroRNAs are small noncoding RNA molecules that
regulate the expression of some target genes at a post-
transcriptional level,® and can modulate several neuronal
and behavioural phenotypes.®® Specifically, many studies in-
dicate that miR-137, a brain-enriched microRNA, is critical for
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Figure 3: Quantitative trait locus analyses of rs1198575 and quantile—quantile plots. Panels A through C show boxplots depicting the robust linear
additive effect of the T allele on blood oxygen level-dependent (BOLD) estimates in the amygdala among (A) healthy participants (discovery sam-
ple), (B) healthy participants (replication sample) and (C) patients with schizophrenia (replication sample). Horizontal thick lines show medians.
Boxes show interquartile ranges (IQRs). Vertical lines show the largest values within 1.5 times the IQR above or below the third or first quartile,
respectively. The lower panels show p value distributions for genome-wide association analyses of BOLD estimates in the amygdala for
(D) healthy participants (discovery sample), (E) healthy participants (replication sample) and (F) healthy participants with the combined p value
using the Stouffer formula. The horizontal dashed blue lines show the SimpleM threshold for genome-wide statistical significance (2.2 x 1077).

Table 2: Results of the genome-wide association meta-analysis*

Allele Tag gene
o Neighbour
SNP HGNC gene (kbp
Rankt SNP Position 1 2 MAF Directionf Stouffer p location Ensembl ID symbol distance)
1 rs1198575 chr1:98562260 T C 0.113019 Positive 9.11 x 10® Intergenic - - miR-137 (—47)
2 rs1883725 chr1:210057927 A G 0.279553 Positive 1.68 x 10® Intergenic - - UTP25 (-27)
3 rs11056205 chr12:8017495 C G 0.158546 Positive 3.78 x 10°® Intron ENSGO00000173262 SLC2A14 -
4 rs6675416 chr1:210061006 A G 0.347843 Positive 4.17 x 10° Intergenic - - UTP25 (-30)
5 rs12369506 chr12:8008179 T C 0.178315 Positive 8.48 x 10°® Intron ENSGO00000173262 SLC2A14 -
HGNC = HUGO Gene Nomenclature Committee ID; kbp = kilobase pairs; MAF = minor allele frequency; SNP = single nucleotide polymorphism.
*Showing the SNPs surviving the threshold of p = 5 x 10 in the genome-wide association meta-analysis of discovery and replication samples of healthy participants.
tRelative position of a specific genetic variant based on its statistical significance.
fDirection of robust regression slope (related to the number of allele 1 copies).
the life and activity of neural cells in both developing and He and colleagues® identified miR-137 as an important regu-
mature brains.> Specifically, it regulates the balance between lator of synaptic function in the adult brain. This finding is
proliferation and differentiation of neurons by inhibiting the particularly remarkable for our study, since alterations in
first process and promoting the second process.** Recently, synaptic features (including decreased synaptic connectivity
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and transcriptional dysregulation of certain genes) are fre-
quently found in psychiatric disorders® and genetic risk for
schizophrenia is thought to converge on synaptic biology.” In-
deed, Siegert and colleagues® have investigated the functional
impact of psychiatric risk of SNPs in miR-137. They observed in-
creased miR-137 levels in induced human neurons harbouring
the minor alleles of 4 schizophrenia-associated SNPs in miR-137,
compared with major (most common) allele—carrying cells.
More specifically, Siegert and colleagues® propose a model
through which a single regulatory microRNA could simultan-
eously control several protein targets, thus regulating an entire
pathway, resulting in synaptic alterations. Moreover, our results
are consistent with findings showing the amygdala as one of
the brain regions with the highest levels of miR-137 expression.>®

In addition, a variant in miR-137 has been previously linked
with frontoamygdala emotion connectivity among healthy
participants.”” Our results are consistent with these findings
and further highlight a crucial role for miR-137 in emotion
dysregulation. On the other hand, our findings diverge from
those found in the GWAS of Elliot and colleagues.'* However,
this study investigated the genetic associations related to im-
plicit — not specifically explicit — face processing, which re-
quires a stronger engagement of the amygdala and prefrontal
cortex.* Notably, Elliot and colleagues' combined fearful and
angry faces, which may be related to different brain re-
sponses,” and investigated the heritability of participant-
specific activation of imaging-derived phenotypes instead of
voxel-wise data, thus aggregating brain functional response to
different tasks (including cognitive tasks).

The replication of our GWAS association in a sample of pa-
tients with schizophrenia corroborates the role of miR-137 in
emotion dysregulation. Interestingly, in the first PGC GWAS
study, Ripke and colleagues® identified miR-137 (rs1625579)
as the locus with the strongest association with schizophrenia
(p = 1.6 x 10™"). They also proposed a subset of the 4 genes tar-
geted by miR-137 that were associated with schizophrenia.®!
These results were replicated in the second PGC study, which
showed that the locus with the second strongest correlation
with schizophrenia was within an intron of miR-137 (p = 3.4 x
10-"%).28 Moreover, Yao and colleagues® used data from the
third PGC study and found that polygenic risk score derived
from sets of target genes of miR-137 explained a dispropor-
tionately larger variance in schizophrenia risk than genome-
wide SNP sets. However, these studies could not shed light
on the functional role of this gene in the context of emotion-
related phenotypes. On the other hand, our study, although
using a small sample for GWAS analysis, features a para-
digm designed to index brain activity specific to explicit pro-
cessing of face emotions. This procedure allowed us to search
for subtle functional effects of genetic variants on the brain.
This approach showed that a polymorphism close to miR-137
(and close to the polymorphism found by Erk and col-
leagues?) is the only one that survived correction for multi-
ple testing and was associated with functional brain activity
during processing of face emotions among both healthy par-
ticipants and in patients with schizophrenia. This preliminary
evidence suggests that, among all the genetic variants associ-
ated with risk of schizophrenia, miR-137 harbours variants

that are biologically plausible candidates related to dysregu-
lations in processing of face emotions in this disorder.

We did not find any statistically significant ICCs in brain ac-
tivity among monozygotic twins during the explicit processing
of fearful faces. A speculative interpretation of these results may
rely on evidence that angry and fearful faces, although both
negative stimuli, represent qualitatively different forms of
threat. Fearful faces are thought to signal an undetermined, am-
biguous threat, while angry faces represent a more direct form
of threat, often used in face-to-face encounters to exert dom-
inance.®% According to this view, the brain response associated
with the approach or avoidance of an ambiguous threat, such as
fearful faces, may be modulated by learned experience, while
the brain response associated with the approach or avoidance
of a direct threat, such as angry faces, may be more related to
instinctive, heritable response patterns involving the amygdala.

Limitations

Our sample size was small for a GWAS analysis. However, we
tried to mitigate this limitation in different ways via a data-
driven approach (i.e., heritability estimation of whole brain ac-
tivity). We selected the brain signals for which we would test
GWAS associations, thus focusing on a heritable phenotype.
Moreover, we conducted a meta-analysis on p values of the
same SNPs from discovery and replication samples and com-
puted an alternative correction for multiple testing based on
principal component decomposition, which is less dependent
on the sample size, instead of composite linkage disequilib-
rium values.* We used a second replication data set of patients
with schizophrenia to further validate the genetic association.
All of these procedures are meant to limit the probability of
type I and type II errors. We did not find a similar data set for
external replication. This is owing to the uniqueness of our
fMRI task. Indeed, although the emotion fMRI paradigms are
used worldwide, the explicit emotion paradigm involving so-
cial evaluation of negative faces is less common than the im-
plicit paradigm. Thus, despite the small sample size, this study
is a proof of concept that miR-137 risk variants for schizo-
phrenia may underpin explicit face emotion processing among
neurotypical participants. Further studies with larger schizo-
phrenia samples are necessary to directly explore the potential
association between the 151198575 polymorphism and diagno-
sis on the amygdala activation during facial emotion process-
ing. We calculated zygosity via a questionnaire and not genetic
analysis. The questionnaire used has an accuracy of 95% (com-
pared with 99% accuracy of genetic analysis), exposing our
analyses to possible misclassification of 1 out of 28 pairs, on
average. We believe that this is a relatively small risk.

Conclusion

Our study provides a heritability map of brain activity re-
lated to processing of angry faces, identifying the bilateral
amygdala as the region with the greatest heritable activity. It
also provides a GWAS association from functional imaging
data, highlighting a role for miR-137 in explicit processing of
facial emotions and its dysregulation.
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