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Editorial on the Research Topics

Genetic and Epigenetic Mechanisms Underpinning Vulnerability to Developing

Psychiatric Disorders

The study of genetic and epigenetic mechanisms underlying vulnerability to developing psychiatric
disorders has obtained significant outcomes from the behavioral genetics area, providing increased
knowledge of individual differences in behavior. Classical research in behavioral genetics with
humans was applied in studies of twins, family investigations, and adoption. These studies
produced a significant advancement in behavioral genetics, and studies of twins and adoption
pointed out that the environment and the interaction between genes and the environment are
essential. In addition, molecular genetics has confirmed that the susceptibility to psychiatric
disorders is heritable, polygenic, and complex (1). Thus, psychiatric disorders have a complex
multifactorial pattern of inheritance (Figure 1). This multifactorial genetic model explains how
the interaction between multiple gene networks and environmental factors strongly impacts brain
function early during development and later throughout adulthood, influencing behavior (2).
Hence, genes are not unique direct triggers of psychiatric disorders but contribute to confer risk for
pathological behavior development, accounting for a fraction of total variation (2). An interesting
open question is why some individuals are vulnerable to developing a psychiatric disease while
others are resilient to certain environmental risk factors, even if their access is not prevented (3).

To answer this question, research in psychiatric disorders has dramatically improved thanks to
the use of new omic technologies, which allowed hypothesis-free approaches and have impacted
the understanding of these disorders and their underlying mechanisms. Articles published in this
Research Topics focus on the relevance of using genomic and epigenomic approaches to disentangle
the genetic and epigenetic mechanisms underpinning vulnerability to developing psychiatric
disorders. In a review article, Singh et al. highlight the contribution of postzygotic somatic
mutations to neurodevelopmental and mental disorders, particularly schizophrenia. Postzygotic
mutations, which can be detected nowadays with novel genomic and epigenomic technologies,
are relatively common in the brain and have been reported in patients with neurodevelopmental
disorders. Spencer and Kisby (4) made a commentary article to this review agreeing with their
analysis and arguing that these somatic mutations or epimutations may be sufficient to develop
a neurodegenerative disorder. Pol-Fuster et al. applied a system genomic approach to identify
rare genetic variants involved in psychosis in a family with several members affected. They
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FIGURE 1 | Psychiatric disorders have a complex multifactorial origin with an interaction between multiple genes and multiple environments that influence

neurobiology and modify epigenetics during development and adulthood, influencing behavior.

identified a rare missense variant in the MACF1 gene and
two rare CNVs affecting the genes CNTN6 and CDH13 that
segregated with psychosis in this family. Liu et al. also performed
whole-exome sequencing identifying novel variants in PGM3
in patients with idiopathic focal epilepsy. Odintsova et al.
show the value of combining different omics information for
predicting models. For a multi-omics prediction model, the
authors combined polygenic scores with methylation scores
for smoking status, prenatal maternal exposure, birth weight,
and BMI. They found that methylation scores could predict
current and former smoking, prenatal maternal smoking,
and BMI.

In addition, transcriptomic studies have contributed to
understanding the mechanisms involved in psychiatric disorders
by directly assessing gene expression alterations and pathways.
Using brain samples would be ideal, but unfortunately, this
tissue cannot be accessed in patients, and only post-mortem
samples can be used, which are very difficult to obtain. On
the other hand, investigating gene expression alterations in
more accessible tissues, such as blood, has become a helpful
approach. Bountress et al. investigated differences in gene
expression associated with post-stress syndrome disorder (PTSD)
and trauma exposure (TE). Peripheral blood mononuclear cells
identified 283 genes differentially expressed between PTSD and
TE and 7 gene modules enriched in pathways such as focal
adhesion or neuroactive ligand-receptor interaction. Zhang et
al. used data from post-mortem brain samples of patients to
identify relevant genes and pathways for bipolar disorders. Three
modules of differentially expressed genes were associated with
bipolar disorder, with 4 genes identified as hub genes: NOTCH1,
POMC, NGF, and DRD2, being NOTCH1 replicated in an
independent sample. Bipolar disorder has also been associated
with an increased prevalence of minor physical anomalies. The
brain and the skin share a common origin since they are derived

from the ectoderm. Thus, minor physical anomalies may be
physical markers of aberrant neurodevelopment. In the work
of Csulak and coauthors, it has been demonstrated for the first
time that there is an increased prevalence of minor physical
anomalies among the first-degree unaffected relatives of bipolar
I patients. The study supports the concept that minor physical
anomalies can be endophenotypic markers of bipolar I affective
disorder (Csulak et al.). The endophenotypes reported were
minor physical anomalies in the eye, head, mouth, and trunk
regions that were found to be prevalent among the relatives of
bipolar I patients compared to normal controls. The individual
analyses showed that one minor malformation (sole crease)
and one phenogenetic variant (high arched palate) were also
more prevalent in the relative group compared to the normal
control group (Csulak et al.). It is important to remark that
the endophenotype conception of bipolar disorder signifies an
essential method in exploring the pathogenesis of the disease.
Gottesman (5) described this concept of endophenotype as
an intermediate phenotype that fills the gap between genes
and diseases.

Candidate gene studies were more frequently used in the past,
before the advent of omic technologies, which showed that larger
clinical samples were required for obtaining reliable findings
in association studies. In this Research Topics, some studies
have evaluated the contribution of genetic variants in particular
genes. For instance, Shang et al. meta-analyzed previous studies
testing the association with an obsessive-compulsive disorder
of a single nucleotide polymorphism (SNP) in BDNF, an
important neurotrophic factor. They found negative results,
but gender-specific analyses showed a nominal association in
females. Likewise, Komatsu et al. investigated an SNP in the
OLIG2 gene, involved in oligodendrocyte functions, associated
with self-schema, a susceptibility trait factor for major depressive
disorder. In addition, Tao et al. found a nominal association
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between temporal lobe epilepsy and an SNP in DTNBP2, a
gene related to schizophrenia. Finally, Chen et al. found that
patients with the first psychosis episode had higher complement
components C3 and C4 levels in serum and found that a SNP in
the C4 gene was associated.

On the other hand, animal models have helped us understand
the role of critical genes in behavioral genetics. For example,
Rivero et al. article demonstrates that the haploinsufficiency of
the attention-deficit/hyperactivity disorder risk gene St3gal3 in
mice causes alterations in cognition and expression of genes
involved in myelination and sialylation. Indeep, the authors
found gender differences because male St3gal3 heterozygous
mice showed cognitive deficits, while female heterozygous
animals displayed increased activity and cognitive control
compared to their wild-type littermates. In addition, expression
of several markers implicated in oligodendrogenesis, myelin
formation, protein sialylation, and cell adhesion/synaptic target
glycoproteins of ST3GAL3 in a brain region- and sex-specific
manner were found. In another article on this issue, the
gender differences were highlighted by the work of Reever and
colleagues. Their work showed that maternal immune activation
during gestation has a prolonged and sex-dependent impact
on the transcriptome of the amygdala in pigs (Keever et al.).
Specifically, they observed differential gene expression associated
with neurodevelopmental illnesses, including schizophrenia and
autism spectrum disorders. In schizophrenia, other authors using
animal models to study the genetic basis of psychiatric disorders
revealed that IL15Rα KO mice exhibit altered expression of
multiple pathways, including lipid biosynthesis and metabolism
in the central nervous system (He et al.).

Finally, an interesting view of genomic variation and the
paradox of mental illness can be found in this Research Topics
(Gualtieri). In this hypothesis and theory article, Gualtieri
raises the question of how disorders such as autism and
schizophrenia persist and are high heritable, although they
confer low reproductive success. The article integrates different
perspectives such as heritability and reproductive success and a
throughout the view of the contribution of genomic variability
at different levels, bringing a novel view to the genetics of
psychiatric disorders.

This Research Topic has contributed to a better understanding
that psychiatric disorders are complex multifactorial disorders
in which nature and nurture interact. Nurture is the personal
experience of the interactions with the environment as a raising
background, whereas genetic factors define nature. Furthermore,
in animal models, nurture has been translationally modeled
using procedures that include childhood separation after birth or
stress induction (6). Also, the study of the influence of genetic
factors in animals elucidated critical landscapes, and it is an
evolving field with a promising future to untangle how genetic
susceptibility affects the neurobiological substrates of psychiatric
disorders. In summary, the new advances in understanding
the complex mechanisms involved in the epigenetic control of
gene expression and the novel technological tools to manipulate
these mechanisms will allow us to understand the ability of
environmental influences to alter gene expression and their
impact on the progress of the psychiatric disorders. Furthermore,
identifying these epigenetic factors opens new opportunities
to define accurate biomarkers of vulnerability and resilience
to psychiatric disorders and may open pioneering beneficial
perspectives that are still unemployed.
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The prolonged and sex-dependent impact of maternal immune activation (MIA) during
gestation on the molecular pathways of the amygdala, a brain region that influences
social, emotional, and other behaviors, is only partially understood. To address this
gap, we investigated the effects of viral-elicited MIA during gestation on the amygdala
transcriptome of pigs, a species of high molecular and developmental homology to
humans. Gene expression levels were measured using RNA-Seq on the amygdala
for 3-week-old female and male offspring from MIA and control groups. Among
the 403 genes that exhibited significant MIA effect, a prevalence of differentially
expressed genes annotated to the neuroactive ligand–receptor pathway, glutamatergic
functions, neuropeptide systems, and cilium morphogenesis were uncovered. Genes
in these categories included corticotropin-releasing hormone receptor 2, glutamate
metabotropic receptor 4, glycoprotein hormones, alpha polypeptide, parathyroid
hormone 1 receptor, vasointestinal peptide receptor 2, neurotensin, proenkephalin,
and gastrin-releasing peptide. These categories and genes have been associated
with the MIA-related human neurodevelopmental disorders, including schizophrenia
and autism spectrum disorders. Gene network reconstruction highlighted differential
vulnerability to MIA effects between sexes. Our results advance the understanding
necessary for the development of multifactorial therapies targeting immune modulation
and neurochemical dysfunction that can ameliorate the effects of MIA on offspring
behavior later in life.

Keywords: immune activation, pigs, RNA-seq, neuropeptides, glutamatergic pathway, GABAergic pathway

INTRODUCTION

The maternal immune response triggered by pathogens and other environmental stressors during
gestation can also elicit an indirect response by the fetal immune cells (Kroismayr et al., 2004;
Odorizzi and Feeney, 2016; Prins et al., 2018). Viral infection during gestation, for example,
activates a cytokine-related signaling cascade, and molecules from this process can cross the
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placenta and reach the fetal brain. The resulting maternal
immune activation (MIA) can impact fetal developmental
processes and exert long-term postnatal effects in the offspring
(Rutherford et al., 2014). The relationship between MIA
and neurodevelopmental disorders, including schizophrenia
spectrum disorders (SSD) and autism spectrum disorders (ASD),
and neurodegenerative disorders, such as Alzheimer’s disease
(AD), in offspring has been established (Knuesel et al., 2014;
Canetta et al., 2016; Mattei et al., 2017). These diseases share
some behavior symptoms, comorbidities such as eating disorders,
and genetic and environmental (i.e., MIA) agents (Canitano
and Pallagrosi, 2017). The previous neurological disorders have
been associated with abnormal structure and dysregulation
of the amygdala (Schumann et al., 2011; Fernandez-Irigoyen
et al., 2014) and share genes and molecular mechanisms
including histocompatibility complex (MHC) genes (Anders
and Kinney, 2015), glutamatergic and GABAergic-associated
genes (Bourgeron, 2009; Marin, 2012; Li et al., 2016), and
mitochondrial activity processes (Pieczenik and Neustadt, 2007;
Sragovich et al., 2017).

The fetal amygdala is susceptible to inflammatory signals, and
the plasticity of this brain structure to MIA can lead to alterations
of the developmental trajectory. These disruptions may have
long-lasting and maladaptive consequences for the offspring,
due to the significant role that the amygdala plays in many
neurological pathways. Located in the forebrain, the amygdala
influences social interaction, cognition, neuroendocrine,
behavior, learning, memory, emotion, and autonomic systems.
The amygdala also modulates the response of these processes
to stressors, including pathogenic infections and those resulting
from management practices, such as weaning (Tian et al.,
2015). The amygdala experiences high uptake of gonadal
hormones and is anatomically connected to other sexually
dimorphic nuclei. Therefore, this brain region is involved in
regulation of several dimorphic functions such as aggression,
sexual behavior, gonadotropin secretion, and integration of
olfactory information (Hines et al., 1992). Evidence supports the
differential activation of the amygdala to stimuli between males
and females (Killgore and Yurgelun-Todd, 2001), including
differences in the sexual responses and emotional memory
(Hamann, 2005), and differential vulnerability to insult (Baird
et al., 2007). Due to the interconnected and multi-regulatory
nature of this brain structure, insults to the amygdala can
impact the individual’s social, locomotor, and feeding behavior
(Petrovich and Gallagher, 2003); growth and reproductive
physiology; health status; and immunological response to
secondary stressors.

Recent studies lend support to the link between MIA and
altered amygdala function (Carlezon et al., 2019). In mice,
MIA elicited by polyinosinic:polycytidylic acid [Poly(I:C)]
increased the synaptic strength of glutamatergic projections
from the prefrontal cortex to the amygdala (Li et al., 2018).
In open-field tests, mice exposed to MIA spent less time
in the center and traveled a higher distance, indicative
of a higher anxiety behavior incidence than the control
counterparts. These findings suggest that the change in the
balance between excitation (glutamatergic) and inhibition

(feedforward GABAergic) modified the spike output of
amygdala neurons, therefore affecting brain circuits that
could regulate behavior in SSD and ASD. A candidate gene
study of the effects of social stress during gestation reported
that the expression of a corticotropin-releasing hormone
receptor in the amygdala of 10-week-old pigs was higher
in females than in males (Rutherford et al., 2014). This
study concluded that prenatal stress substantially increased
anxiety-related behaviors in female pigs. Studies of the
impact of maternal stressors during gestation on specific
amygdala molecular profiles and associated neurological or
behavioral disorders in the offspring later in life highlight
the complexity of the molecular mechanisms underlying the
pathophysiology of MIA.

Research on the lasting effects of MIA in pigs complements
the insights offered by rodent models (Antonson et al.,
2019). The advantages of studying a pig model stem
from the greater homology of humans to pigs, rather
than to rodents, when considering organ physiology,
size, development and, in particular, brain growth and
development processes (Murphy et al., 2014). A pig
model that has offered insights into MIA employs porcine
reproductive and respiratory syndrome virus (PRRSV)
to elicit MIA. This immune challenge activates the
microglia (i.e., macrophage-like cells in the brain) and
is associated with behavioral changes in neonatal pigs
(Antonson et al., 2017, 2018).

The study of MIA elicited by PRRSV allows for the
characterization of the impact of a live viral pathogen that
self-replicates in the host, evoking extended activation of
immune pathways. PRRSV challenge during gestation is a well-
characterized, replicable, and effective method for inducing
MIA in pigs (Antonson et al., 2017, 2018). In addition,
PRRSV outbreaks impose a major economic burden to the
livestock industry. PRRSV is an enveloped single-stranded RNA
virus that infects alveolar macrophages, causing interstitial
pneumonia and increased serum levels of the cytokines
interleukin 1 beta, interleukin 6, and tumor necrosis factor
alpha (Antonson et al., 2017). The persistent repercussions
of MIA on the molecular pathways of the pig amygdala
are yet to be investigated. Moreover, the potentially distinct
vulnerability to the prolonged effects of MIA between sexes
remains unknown.

The overarching goal of the present study is to advance
the understanding of the impact of MIA on the molecular
mechanisms of the amygdala. Three supporting objectives
are explored: (a) characterization of prolonged transcriptome
changes elicited by viral MIA in pigs, a species that has
high neurodevelopmental homology with humans, and
food production value; (b) identification of molecular
pathways that present differential vulnerability to MIA
between sexes; and (c) understanding the effect of MIA on
molecular interactions assisted by gene network inference.
The findings from these complementary analyses support
the use of multiple therapeutic targets to ameliorate
the potential detrimental effect of MIA on the offspring
physiology and behavior.
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MATERIALS AND METHODS

Animal Experiments
All experimental procedures used published protocols (Antonson
et al., 2017, 2018). The animal studies were approved by the
Illinois Institutional Animal Care and Use Committee (IACUC)
at the University of Illinois and are in compliance with the USDA
Animal Welfare Act and the NIH Public Health Service Policy on
the Humane Care and Use of Animals.

Camborough gilts born and raised at the University of Illinois
at Urbana-Champaign herd were inseminated at 205 days of
age using PIC 359 boar sperm (Antonson et al., 2017, 2018).
All gilts were PRRSV negative and were moved at gestation
day (GD) 69 into disease-containment chambers maintained
at 22◦C and a 12 h light/dark cycle with lights on at 7:00
AM. The gilts were fed daily 2.3 kg of a gestational diet and
had ad libitum water access. One week after acclimation, four
gilts were intranasally inoculated with live PRRSV strain P129-
BV (School of Veterinary Medicine at Purdue University, West
Lafayette, IN, United States) using 5 mL of 1 × 105 median tissue
culture infectious dose (TCID50) diluted in sterile Dulbecco’s
modified Eagle medium (DMEM; 5 mL total volume). The
four gilts in the Control group were intranasally inoculated
with an equal volume of sterile DMEM. PRRSV inoculation
corresponded to the last third of gestation in pigs and humans,
during initiation of rapid fetal brain growth (Antonson et al.,
2017, 2018). PRRSV and Control groups were housed in separate
containment chambers.

The rectal temperatures and diet consumption of the gilts
were recorded daily until farrowing (Antonson et al., 2017,
2018). The PRRSV-inoculated gilts were offered the maximum
fed daily, and feed refusal was measured. The Control gilts
were fed the same amount consumed by the PRRSV-inoculated
gilts on the previous day. The daily body temperature and
feed intake levels were compared using a mixed-effects model
analyzed with PROC MIXED (SAS Institute Inc., Cary, NC,
United States). The model included the effects of gilt treatment
and replicate while accommodating for heterogeneity of variance
between MIA groups.

Farrowing was induced with an intramuscular injection of
10 mg of Lutalyse (dinoprost tromethamine, Pfizer, New York,
NY, United States) on GD 113 in consideration that the average
gestation length is approximately 114 days (Antonson et al.,
2017, 2018). Gilts farrowed in individual farrowing crates of
standard dimensions (1.83 × 1.83 m). After farrowing, the
gilts were fed twice a day up to 5 kg of a nutritionally
complete diet for the lactating period and water remained
available ad libitum. Pigs received intramuscular injections of
iron dextran (100 mg/pig, Butler Schein Animal Health, Dublin,
OH, United States) and Excede for Swine (25 mg/pig; Zoetis,
Parsippany, NJ, United States) to control for respiratory diseases.
The pigs remained with their mothers until PD 22. The body
weight of pigs was measured daily and analyzed using the mixed-
effects model in SAS, PROC MIXED (SAS Institute Inc., Cary,
NC, United States). The model included the effect of MIA and
the random effect of gilt, accommodating for heteroscedasticity
between pig treatment and sex groups. The impact of MIA was

studied at PD 22 because this is a common age to wean pigs.
The study of transcriptome profiles from older pigs could be
confounded with changes in diet and environment associated
with weaning, while profiles from younger pigs would hinder the
assessment of the prolonged effects of MIA.

RNA Extraction and Sequencing
A balanced experimental design was studied, including 24
pigs evenly distributed between maternal PPRSV activated
(MPA group of pigs) and Control gilts (CON group of pigs),
each group encompassing males and females (denoted Ma
and Fe, respectively). At PD 22, pigs were removed from
the farrowing crate and anesthetized intramuscularly using a
telazol:ketamine:xylazine drug cocktail (50 mg of tiletamine;
50 mg of zolazepam) reconstituted with 2.5 mL ketamine
(100 g/L) and 2.5 mL xylazine (100 g/L; Fort Dodge Animal
Health, Fort Dodge, IA, United States) at a dose of 0.03 mL/kg
body weight, following protocols (Antonson et al., 2017).

Following anesthetization, pigs were euthanized using an
intracardiac injection of sodium pentobarbital (86 mg/kg body
weight, Fata Plus, Vortech Pharmaceuticals, Dearborn, MI,
United States). Pig brains were extracted, the amygdalae were
recognized using the stereotaxic atlas of the pig brain (Felix et al.,
1999), dissected out, flash frozen on dry ice, and stored at −80◦C
following published protocols (Antonson et al., 2019). RNA was
isolated using EZNA isolation kit following the manufacturer’s
instructions (Omega Biotek, Norcross, GA, United States). The
RNA integrity numbers of the samples were above 7.5, indicating
low RNA degradation. The RNA-Seq libraries were prepared
with TruSeq Stranded mRNAseq Sample Prep kit (Illumina Inc.,
San Diego, CA, United States). The libraries were quantitated
by qPCR and sequenced on one lane on a NovaSeq 6000 for
151 cycles from each end of the fragments using NovaSeq
S4 reagent kit. FASTQ files were generated and demultiplexed
with the bcl2fastq v2.20 conversion software. Paired-end reads
(150 nt long) were obtained, and the FASTQ files are available
in the National Center for Biotechnology Information Gene
Expression Omnibus (GEO) database (experiment accession
number GSE149695).

RNA Sequence Mapping and Differential
Expression Analysis
The average Phred quality score of the reads assessed using
FastQC (Andrews, 2010) was > 35 across all read positions, and
therefore, no reads were trimmed. The paired-end reads from
the individual samples were aligned to the Sus scrofa genome
(version Sscrofa 11.1; Pruitt et al., 2007) using kallisto v0.43.0
(Bray et al., 2016) with default settings. The normalized (trimmed
mean of M-values) gene expression values were described using
a generalized linear model encompassing the effects of the MIA
group (MPA or CON levels), sex (Fe or Ma levels), and MIA-
by-sex interaction and analyzed using edgeR (version 3.14.0)
in the R v. 3.3.1 environment (Robinson et al., 2010). Genes
supported by > 5 transcripts per million (TPM) by each MIA–
sex combination were analyzed to ensure adequate representation
across comparisons.
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Orthogonal pairwise contrasts between MIA and sex groups
were evaluated in addition to testing for the effects of MIA-
by-sex interaction and main effects of MIA and sex. The
four groups compared in the contrasts, identified by treatment
followed by the sex levels, are: MPA_Fe, MPA_Ma, CON_Fe, and
CON_Ma. The P-values were adjusted for multiple testing using
the Benjamini–Hochberg false discovery rate (FDR) approach
(Benjamini and Hochberg, 1995).

Functional Enrichment and Network
Inference
Two complementary approaches were used to identify
over-represented functional categories among the genes
exhibiting differential expression across MIA and sex groups
(Caetano-Anollés et al., 2015, 2016; Gonzalez-Pena et al.,
2016a,b). Functional categories investigated included Gene
Ontology (GO) biological processes (BPs), GO molecular
functions (MF), and KEGG pathways. The Gene Set
Enrichment Analysis (GSEA) approach implemented in
the software package GSEA-P 2.0 (Subramanian et al.,
2007) was used to identify category over-representation
with gene over- and under-expressed while considering all
genes analyzed. The normalized enrichment score (NES)
of the categories in the Molecular Signature Database
(MSigDB) was calculated using the maximum deviation of
the cumulative sum based on the signed and standardized
fold change. The statistical significance of the enrichment
was assessed using the FDR-adjusted P-value computed from
1000 permutations.

The over-representation of functional categories was also
evaluated among genes that exhibited a significant MIA-
by-sex interaction or main effect using the Database for
Annotation, Visualization and Integrated Discovery (DAVID
6.8) (Huang et al., 2009). The enrichment of Direct GO
categories in the DAVID database was assessed. The Sus
scrofa genome was used as the background for enrichment
testing, and enrichment is reported using the Expression
Analysis Systematic Explorer (EASE) score that was computed
using a one-tailed jackknifed Fisher hypergeometric exact
test. Functional categories were clustered based on gene
annotation, and the statistical significance of clusters is
summarized as the geometric mean of the -log10 EASE scores
of the categories (Delfino et al., 2011; Serao et al., 2011;
Delfino and Rodriguez-Zas, 2013).

Weighted Gene Co-expression Network
Analysis and Gene Network Visualization
An approach complementary to the identification of differentially
expressed genes was used to uncover co-expression networks
using Weighted Gene Co-expression Network Analysis
(WGCNA) version 1.68 (Langfelder and Horvath, 2008).
The input data were voom-transformed read count values
generated using the limma package (version 3.40.2) (Ritchie
et al., 2015) in R (version 3.6.1). Genes were filtered to remove
those with low expression levels or no variation across samples
per developer recommendations. The number of genes used

for network analysis was 16,175 genes. Considering potential
for interaction patterns, a sex-dependent soft-thresholding
power was used to call for network topology analysis. The
lowest power values that support a scale-free topology power
used were 15 for the CON_Ma-MPA_Ma contrast and 27
for the MPA_Fe-MPA_Ma contrast. The Pearson correlation
coefficient of the normalized expression values was used
to identify modules of connected genes. The minimum
module size was set to 30, with the deepSplit set to 2, and the
mergeCutHeight set to 0.15. Module profiles were identified
using the correlation between the eigengene of each module
and pig group. Enrichment of functional categories among the
genes in each module profile was explored with DAVID using the
Sus scrofa genome as background, and testing included an FDR
multiple test adjustment.

Further understanding of the impact of the MIA-by-sex
interaction was gained through the reconstruction of gene
networks using the BisoGenet package (Martin et al., 2010) in
the Cytoscape platform (Shannon et al., 2003). Information from
gene and protein interactions annotated in databases including
BIOGRID, HPRD, DIP, BIND, INTACT, and MINT was used
to visualize relationships between genes (Salwinski et al., 2004;
Alfarano et al., 2005; Mishra et al., 2006; Stark et al., 2006;
Kerrien et al., 2007; Licata et al., 2012). Networks highlighting
differences in gene levels associated with MIA within sex (i.e.,
the contrasts MPA_Ma-CON_Ma and MPA_Fe-CON_Fe) were
compared. The network framework includes genes that exhibited
a significant MIA-by-sex interaction effect (FDR-adjusted P
< 0.1) and are annotated to enriched functional categories.
The framework genes were identified by full nodes with size
reflecting the differential expression level between the MPA
and CON groups. The network edges depict known molecular
relationships curated in the BisoGenet databases. The framework
genes were connected through correlated genes listed in the
BisoGenet database of molecular interactions that did not reach
significant MIA-by-sex interaction effect. The comparison of
these networks offered insights into the simultaneous effect of
MIA across interacting genes and enabled the detection of shared
and distinct co-regulation patterns between MPA and CON
pigs across sexes.

RESULTS

Maternal Immune Activation and
Sequencing Metrics
The differences between MPA and CON gilts in rectal
temperatures and daily diet consumption indicated the activation
of the maternal immune system in response to PRRSV. The
difference in body temperature between CON and MPA gilts
on GD 87 was -1.00◦C (standard error 0.35◦C; P < 0.005). The
difference in feed refusal between CON and MPA gilts on GD 88
was -927.6 g (standard error 201.2 g; P < 0.0001). A significant
increase in rectal temperatures and decrease in feed intake
(P < 0.001) was observed within 48 h of inoculation and returned
to baseline levels within 10 days for body temperature and within
14 days for feed intake. At 21 days of age, CON pigs were 1.20 kg
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heavier than MPA pigs (standard error = 0.5673; P < 0.089) while
no significant sex or interaction effects were detected.

The sequencing of the 24 RNA samples produced 6.6 billion
sequenced reads, and 69 million paired-end reads per sample.
The number of reads was consistent across MIA and sex
groups (coefficient of variation < 0.1), and the effects of
MIA, sex, and MIA-by-sex interaction were tested on 16,175
genes that surpassed the minimum number of reads per MIA–
sex combination.

Transcriptome Changes Associated With
Maternal Immune Activation That Are
Sex-Dependent
Overall, 328 genes exhibited a significant (FDR-adjusted P < 0.1)
MIA-by-sex interaction effect, and among these, 273 genes had
a significant effect at FDR-adjusted P < 0.05. The profile of
these genes indicated that the effect of MIA differed between
females and males. Forty-six genes that presented a MIA-by-
sex interaction effect are listed in Table 1 together with their
expression pattern and P-value. The majority of the genes in
Table 1, including neurotensin (NTS), displayed a reversal in
the expression level between CON and MPA groups across sexes
(i.e., opposite Log2[fold change] sign across sexes). An extended
list including 328 genes that exhibited a MIA-by-sex interaction
effect at FDR-adjusted P < 0.1 is provided in Supplementary
File S1 Table A.

Another frequent pattern among the genes that displayed a
MIA-by-sex interaction effect was characterized by a consistent
expression profile between CON and MPA across sexes, albeit
the magnitude differed between sexes (Table 1). For example,
glycoprotein hormones, alpha polypeptide (CGA) was over-
expressed in CON relative to MPA, but the differential was
higher in males than in females. Other genes presenting
this pattern included guanylate-binding protein 1 (GBP1),
transthyretin (TTR), aldehyde dehydrogenase 1 family member
A2 (ALDH1A2), hemoglobin subunit beta (HBB), and basic
helix-loop-helix family member e22 (BHLHE22).

Notable is the significant MIA-by-sex interaction effect
on genes associated with neuropeptides and hormones, and
genes that participate in glutamatergic processes. Genes under-
expressed in MPA relative to CON males while presenting
the opposite pattern in females (Table 1) included NTS, the
neuropeptide gene proenkephalin (PENK), the neuropeptide
gene gastrin-releasing peptide (GRP), the neuropeptide-
related gene vasoactive intestinal peptide receptor 2 (VIPR2),
corticotropin releasing hormone receptor 2 (CRHR2), neuron-
derived neurotrophic factor (NDNF), reelin (RELN), glutamate
metabotropic receptor 4 (GRM4), solute carrier family 17
member 6 (SLC17A6), calcium voltage-gated channel auxiliary
subunit alpha 2 delta 3 (CACNA2D3), EF-hand domain family
member D1 (EFHD1), glutathione peroxidase 3 (GPX3),
parathyroid hormone 1 receptor (PTH1R), thyroid hormone
responsive (THRSP), and CGA. The CGA gene codes for the
alpha subunit protein of the hormones chorionic gonadotropin
(CG), luteinizing hormone (LH), follicle-stimulating hormone
(FSH), and thyroid-stimulating hormone (TSH).

Functional and Network Analysis of
Genes That Exhibit Sex-Dependent
Associations With Maternal Immune
Activation
The genes expressing significant MIA-by-sex interaction effects
were analyzed for functional enrichment. Table 2 presents
the clusters of most enriched and informative categories
from the DAVID analysis, and the complete list of categories
is in Supplementary File S1 Table B. The categories in
Table 2 encompass genes presenting the most frequent
interaction profile characterized by under-expression in CON
females relative to males but over-expression in MPA females
relative to males. These genes include KEGG Autoimmune
thyroid disease (Cluster 1) and BP brain development
(GO:0007420) (Cluster 4).

Enrichment results from GSEA complemented the findings
from DAVID. Highly enriched informative categories among
genes that have a MIA-by-sex interaction effect are presented
in Table 3, and the extended list of categories is presented in
Supplementary File S1 Table C. The categories in Table 3
support pathways in Table 2 including ion homeostasis
(Table 2) and regulation of voltage-gated calcium channel
activity processes (Table 3). Notably, the enrichment
of the neuroactive ligand receptor interaction pathway
and the hormone and neuropeptide activity processes
include genes such as CGA and VIPR2 that were identified
in Table 1.

Network visualization furthered the understanding of
the impact of MIA on the relationships among genes that
exhibited a significant MIA-by-sex interaction effect. The
networks in Figures 1, 2 depict the relationships between
genes in the enriched neuroactive ligand receptor pathway
that highlight the differential expression between CON
and MPA in males and females (i.e., CON_Ma-MPA_Ma
and CON_Fe-MPA_Fe contrasts), respectively. Red and
blue rectangular nodes represent framework genes, and
edges represent the known associations between genes
based on curated databases of molecular interactions.
Red and blue nodes denote over- or under-expression
of the gene in CON relative to MPA, and the size is an
inverse logarithmic function of the differential expression
P-value. The simultaneous study of the differential
expression pattern and connectivity among genes highlights
the discrepancy in network modules elicited by MIA
between the sexes.

Transcriptome Changes Associated With
Maternal Immune Activation
Overall, genes exhibited differential (FDR-adjusted P < 0.1)
expression between MPA and CON pigs, irrespective of sex.
Table 4 lists notable highly differentially expressed genes,
and the complete list is in Supplementary File S1 Table
D. The majority of these genes were over-expressed in MPA
relative to CON pigs. Among the genes over-expressed in MPA
compared to CON pigs were islet amyloid polypeptide (IAPP),
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TABLE 1 | Genes exhibiting significant (FDR-adjusted P-value < 0.1) maternal immune activation-by-sex interaction effect.

Gene symbol P-value aCON Fe-CON Ma MPA Fe-MPA Ma CON Fe-MPA Fe CON Ma-MPA Ma CON Fe-MPA Ma CON Ma-MPA Fe

RGS16 <5E-11 −3.25 2.24 −2.44 3.06 −0.19 0.81

CGA <5E-11 −5.86 0.36 0.27 6.49 0.63 6.13

POMC <5E-11 −2.79 0.33 0.06 3.19 0.39 2.86

GPX3 <5E-11 −1.19 0.99 −0.37 1.81 0.63 0.82

RELN <5E-11 −0.17 0.66 −0.74 0.09 −0.08 −0.57

VIPR2 <5E-11 −1.17 1.04 −1.03 1.18 0.00 0.14

ANKRD34C <5E-11 −0.77 0.87 −0.71 0.93 0.16 0.06

GBP1 <5E-11 0.92 −0.32 −0.75 −1.99 −1.07 −1.66

GRM4 <5E-11 −0.97 0.91 −0.70 1.17 0.20 0.27

CCDC136 5.3E-09 −0.39 0.43 −0.15 0.67 0.29 0.24

SLC17A6 1.1E-08 −0.40 0.54 −0.16 0.77 0.37 0.23

BTBD11 4.4E-08 −0.62 0.45 −0.40 0.67 0.05 0.22

TTR 5.0E-08 −0.47 0.24 0.29 1.00 0.53 0.76

CACNA2D3 4.8E-07 −0.50 0.44 −0.26 0.68 0.18 0.23

CRHR2 2.8E-06 −0.24 1.09 −0.36 0.97 0.74 −0.12

NDNF 2.8E-06 −0.09 0.88 −0.70 0.27 0.18 −0.61

CXCL12 6.2E-06 −0.41 −0.01 −0.10 0.29 −0.11 0.30

USP43 6.4E-06 −0.64 0.43 −0.34 0.72 0.09 0.29

CCDC17 7.1E-06 0.74 −0.30 0.26 −0.40 0.03 0.12

KCNIP4 7.2E-06 −0.01 0.35 0.11 0.47 0.46 0.11

CAMK2N2 9.6E-06 −0.24 0.16 −0.23 0.18 −0.07 0.01

ALDH1A2 1.4E-05 −1.35 0.50 0.48 2.32 0.98 1.83

GRP 1.5E-05 −0.89 0.73 −0.61 1.02 0.12 0.28

PENK 1.6E-05 −0.10 0.46 −0.04 0.51 0.42 0.06

SYT12 2.9E-05 −0.16 0.32 −0.11 0.37 0.21 0.05

PTH1R 3.7E-05 −0.33 0.52 −0.51 0.34 0.01 −0.18

HBB 6.7E-05 −0.48 0.10 0.12 0.70 0.22 0.60

ESYT1 8.5E-05 −0.47 0.29 −0.27 0.49 0.02 0.20

EFHD1 9.6E-05 −0.31 0.42 −0.37 0.36 0.05 −0.06

BHLHE22 1.0E-04 0.06 −0.59 0.05 −0.61 −0.55 −0.01

ZFP37 1.2E-04 0.60 0.60 −0.19 −0.18 0.41 −0.78

SLC2A2 1.5E-04 0.08 0.50 −0.04 0.38 0.46 −0.12

THRSP 3.1E-04 −0.72 0.51 −1.24 −0.01 −0.73 −0.52

NR4A3 3.3E-04 −0.12 −0.01 −0.08 0.04 −0.08 0.04

LOC396781 4.4E-04 −0.75 1.36 −5.38 −3.27 −4.01 −4.63

C1QTNF1 4.5E-04 −0.37 0.32 −0.23 0.46 0.09 0.14

RAB27A 5.6E-04 −0.97 0.05 −0.25 0.77 −0.20 0.72

NTS 7.9E-04 −1.43 2.81 −1.78 2.47 1.03 −0.35

GVIN1 7.9E-04 0.80 −0.41 −1.01 −2.22 −1.42 −1.81

SSTR1 8.6E-04 0.11 −0.38 0.16 −0.33 −0.22 0.05

CCDC9B 8.8E-04 −0.24 0.35 −0.34 0.25 0.01 −0.10

CCDC33 1.4E-03 0.48 −0.39 0.49 −0.38 0.10 0.01

CCDC162P 1.4E-03 0.11 −0.48 0.36 −0.23 −0.12 0.25

PTH 1.4E-03 −0.03 0.29 −0.68 −0.36 −0.39 −0.65

SYNPO2L 1.5E-03 −0.28 0.59 −0.44 0.43 0.15 −0.16

CHGB 1.8E-03 −0.58 −0.16 0.37 0.79 0.21 0.96

aLog2[fold change] between two maternal immune activation-sex groups: MPA, PRRSV-induced maternal immune activation; CON, control; Fe, females; Ma, males.

ankyrin repeat domain 24 (ANKRD24), interferon-induced
transmembrane protein 1 (IFITM1) and 3 (IFITM3), cathepsin
C (CTSC), mitogen-activated protein kinase kinase 7 (MAP2K7),
heparan sulfate-glucosamine 3-sulfotransferase 5 (HS3ST5),
secreted phosphoprotein 1 (SPP1), immunoglobulin heavy chain

(IGHG), and transforming acidic coiled-coil-containing protein
1 (TACC1). Among the genes under-expressed in MPA relative to
CON pigs are insulin-like growth factor 2 (IGF2), cellular retinoic
acid-binding protein 2 (CRABP2), and aldehyde dehydrogenase
1 family member A1 (ALDH1A1).
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Functional Analysis of Genes Associated
With Maternal Immune Activation
Table 5 presents the top significant clusters of informative
enriched categories from the DAVID analysis of genes

TABLE 2 | Most enriched DAVID clusters and supporting functional categories
(enrichment score ES > 1.3) among the genes presenting significant maternal
immune activation-by-sex interaction effect.

aCategory Category identifier and name P-value bFDR
P-value

Cluster 1 ES = 2.74

KEGG ssc05320:Autoimmune thyroid disease 2.90E-06 4.50E-04

BP GO:000250∼Antigen processing and
presentation of peptide or
polysaccharide antigen via MHC class II

1.90E-03 3.40E-01

KEGG ssc04514:Cell-adhesion molecules
(CAMs)

2.30E-03 3.20E-02

KEGG ssc05323:Rheumatoid arthritis 4.80E-03 5.60E-02

KEGG ssc05164:Influenza A 2.00E-02 1.70E-01

Cluster 2 ES = 1.9

BP GO:0051050∼Positive regulation of
transport

4.40E-03 3.50E-01

BP GO:0051049∼Regulation of transport 4.50E-03 3.20E-01

BP GO:0050801∼Ion homeostasis 1.30E-02 3.60E-01

BP GO:0048878∼Chemical homeostasis 2.80E-02 4.80E-01

BP GO:0030001∼Metal ion transport 4.50E-02 5.70E-01

Cluster 3 ES = 1.75

BP GO:0048871∼Multicellular organismal
homeostasis

2.00E-04 3.70E-01

Cluster 4 ES = 1.69

BP GO:0061564∼Axon development 6.40E-05 1.70E-01

BP GO:0007420∼Brain development 1.30E-03 3.10E-01

aBP, biological process; KEGG, KEGG pathway. bFalse discovery rate adjusted
P-value.

TABLE 3 | Enriched informative categories (NES > |1.3|) using GSEA among the
genes based on the overall maternal immune activation-by-sex interaction.

aCategory Category identifier and name bNES P-value cFDR
P-value

KEGG ssc04080:Neuroactive ligand receptor
interaction

−1.84 <1.0E-10 8.3E-02

KEGG ssc04912:GnRH signaling pathway −1.83 <1.0E-10 9.9E-02

MF GO:0005179∼Hormone activity −1.80 <1.0E-10 2.2E-01

BP GO:0006970∼Response to osmotic
stress

−1.79 <1.0E-10 3.5E-01

BP GO:0019221∼Cytokine mediated
signaling pathway

−1.33 9.1E-02 5.4E-01

BP GO:1901385∼Regulation of voltage
gated calcium channel activity

−1.37 1.2E-01 5.4E-01

KEGG ssc04020:Calcium signaling pathway −1.34 1.2E-01 5.4E-01

BP GO:0085029∼Extracellular matrix
assembly

−1.31 1.8E-01 5.5E-01

aMF, molecular function; KEGG, KEGG pathway; BP, biological process.
bNormalized enrichment score; negative values indicate genes under-expression
in CON females relative to males but over-expression in MPA females relative to
males. cFalse discovery rate adjusted P-value.

differentially expressed between MPA and CON groups
across sexes (the extended list of categories is presented in
Supplementary File S1 Table E). Some categories identified
by the DAVID analysis are consistent with the categories
detected at more significant levels among the genes presenting
an MIA-by-sex interaction effect (Table 2) and include the
BP angiogenesis (GO:0001525) and KEGG autoimmune
thyroid disease and Epstein–Barr virus infection pathways
(Table 5). Also enriched (Supplementary File S1 Table E)
were the BP homeostatic (GO:0042592), MF ion binding
(GO:0043167), and BP anatomical structure formation in
morphogenesis (GO:0048646).

The GSEA enrichment results within the gene expression
patterns of CON relative to MPA groups complemented the
findings from DAVID. The most informative enriched categories
are presented in Table 6, and the extended list of categories is
presented in Supplementary File S1 Table F. Enriched clusters
of genes over-expressed in CON relative to MPA detected by
GSEA were the BP enrichment of microtubule bundle formation
(GO:0001578) and cilium morphogenesis (GO:0060271).

Transcriptome Differences Between
Sexes Independent of Maternal Immune
Activation
Overall, 150 genes were differentially expressed between males
and females (FDR-adjusted P < 0.05). These genes exhibited
a consistent differential expression between sexes, irrespective
of the MIA group. The complete list of genes differentially
expressed between sexes at FDR-adjusted P < 0.1 is available in
Supplementary File S1 Table G, and the majority were over-
expressed in males relative to females. Among the previous
genes, excluding those that presented MIA-by-sex interaction
effect, a selection of informative genes is listed in Table 7. Genes
over-expressed in males relative to females included eukaryotic
translation initiation factor 1A, Y-linked (EIF1AY), leptin
receptor (LEPR), luteinizing hormone beta polypeptide (LHB),
LIM homeobox 9 (LHX9), luteinizing hormone beta polypeptide
(LHB), and immunoglobulin family member 1 (IGSF1).

Informative categories among the DAVID clusters of
enriched categories for the genes differentially expressed
between sexes are listed in Table 8 (a complete list is available
in Supplementary File S1 Table H). The previous categories
include BP gland development (GO:0048732), response to
hormone (GO:0009725), and brain development (GO:0007420).

Weighted Gene Co-expression Network
Analysis
The WGCNA study of the correlation between expression and
experimental factors was based on the log-transformed TPM
expression level of 16,175 genes. This study identified 62 modules
of expression correlated with MIA groups among males. The
number of genes in each module ranges from 32 to 1381;
Supplementary File S1 Figure A depicts the relationship between
gene modules using a dendrogram. The correlation (corr)
between the eigengene expression profile and maternal treatment
in males is depicted in Supplementary File S1 Figure B. A fairly
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FIGURE 1 | Network of genes differentially expressed in the amygdala of males (Ma) from control (CON) relative to maternal immune activation (MPA) (contrast
between CON_Ma and MPA_Ma). Framework square node color: red and blue denote framework genes over- and under-expressed in CON relative to MPA pigs,
respectively; framework node size: -Log10[P-value]; other genes connecting framework nodes were not differentially expressed in this study.

even distribution of positive and negative correlation estimates
was observed. The genes in the modules pale violet red (corr
= –0.58, P < 0.03) and gray60 (corr = –0.59, P < 0.06) presented a
strong negative correlation, indicating that low expression levels
were associated with MPA.

The enrichment analysis of the genes in the WGCNA modules
provided additional insights into the processes impacted by
MIA. The extended list of enriched categories across modules
is available in Supplementary File S1 Table I. Table 9 lists
representative clusters of enriched categories in the gene modules
that were highly correlated with MIA differences in males.
Complementary categories that were enriched in modules
encompassing gene patterns negatively correlated with MPA
include the KEGG AD and oxidative phosphorylation pathways
in the pale violet red3 and the gray60 modules, MF NADH
dehydrogenase activity (GO:0003954) in the gray60 module, and
the KEGG ribosomal pathway and associated GO processes in

the light yellow module. Confirming the enrichment results
from the previous differential expression analysis (Table 2 and
Supplementary File S1 Table B), categories enriched in modules
encompassing gene patterns negatively correlated with MPA
include ion transport (also in Table 2 and Supplementary
File S1 Table H) in the pale violet red3 and gray60 modules,
and oxidoreductase activity in the gray60 module (also in
Supplementary File S1 Table H).

The WGCNA study identified 61 modules of expression
correlated with sex among MPA pigs. The number of genes
in each module range from 34 to 2082 and Supplementary
File S1 Figure C depicts the dendrogram of modules. Positive
correlation estimates that indicate higher expression in male
than female were identified in the ivory (corr = 0.65, P < 0.03)
and antique maroon (corr = 0.62, P < 0.04) modules,
whereas negative correlations denoting lower expression in
male were identified in sienna3 (corr = –0.65, P < 0.03)
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FIGURE 2 | Network of genes differentially expressed in the amygdala of females (Fe) from control (CON) relative to maternal immune activation (MPA) (contrast
between CON_Fe and MPA_Fe). Framework square node color: red and blue denote framework genes over- and under-expressed in CON relative to MPA pigs,
respectively; framework node size: -Log10[P-value]; other genes connecting framework nodes were not differentially expressed in this study.

(Supplementary File S1 Figure D). Table 10 lists representative
clusters of enriched functional categories in these modules. The
extended list of categories and modules is in Supplementary File
S1 Table J. Within the ivory module of positively correlated gene
patterns, the BP synapse (GO:0007416) and neural development
(GO:0007399) categories were enriched.

DISCUSSION

The present study uses a validated model of MIA triggered
by a live viral (i.e., PRRSV) infection during a critical
neurodevelopmental stage (Antonson et al., 2017) to gain
innovative insights into sex-dependent molecular changes in the
amygdala. The changes in gilt body weight and temperature
within 2 weeks postinfection were consistent with the mode of

action of the PRRSV and previous reports (Antonson et al., 2017).
These results indicate that the PRRSV-infected gilts experienced
extended activation of inflammatory pathways during gestation.
The present study characterized the prolonged effect of the MIA,
60 days after exposure, on 3-week-old offspring.

Our study identified patterns of differential gene expression
and prevalently dysregulated gene networks and processes,
some of which have been reported in clinical and preclinical
studies of AD, ASD, and SSD (Malkova et al., 2012; Xuan
and Hampson, 2014; Aavani et al., 2015). These disorders have
been associated with MIA and amygdala functions, yet the
corresponding neurological and molecular changes have been
studied mostly using pathogen mimetic challenges on rodents
(Xuan and Hampson, 2014; Aavani et al., 2015). Moreover,
our study identified sex-dependent molecular patterns that are
consistent with the differential prevalence and symptoms of
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TABLE 4 | Representative genes differentially expressed (FDR-adjusted
P-value < 0.1) between pigs from control (CON) relative to
PRRSV-treated (MPA) gilts.

Gene
symbol

Gene name aCON-MPA P-value bFDR
P-value

IGHG IgG heavy chain −4.74 1.1E-31 <1.0E-10

IFITM3 Interferon induced
transmembrane prot 3

−1.27 7.6E-11 6.2E-08

IGF2 Insulin-like growth factor 2 1.28 8.1E-07 2.7E-04

PAQR6 Progestin and adipoQ receptor
family member 6

−1.02 1.9E-06 5.6E-04

RGS8 Regulator of G protein signaling 8 −0.88 8.6E-06 2.0E-03

NDNF Neuron-derived neurotrophic
factor

−1.27 1.5E-05 3.3E-03

HS3ST5 Heparan sulfate-glucosamine
3-sulfotransferase 5

−1.24 3.5E-05 6.8E-03

CTSC Cathepsin C −1.03 4.1E-05 7.7E-03

SPP1 Secreted phosphoprotein 1 −0.89 4.1E-05 7.7E-03

TACC1 Transforming acidic
coiled-coil-containing protein 1

−1.55 5.5E-05 9.7E-03

IFITM1 Interferon induced
transmembrane prot 1

−1.15 7.4E-05 1.2E-02

ALDH1A1 Aldehyde dehydrogenase 1 fam
mem A1

0.79 9.7E-05 1.5E-02

PLEKHD1 Pleckstrin homology coiled-coil
domain-containing D1

−0.99 5.6E-04 6.5E-02

HERC5 HECT and RLD
domain-containing E3 ubiquitin
ligase 5

−1.05 5.7E-04 6.6E-02

IAPP Islet amyloid polypeptide −1.36 7.0E-04 7.7E-02

ISLR Immunoglobulin superfamily
contain leucine rich repeat

1.13 8.3E-04 8.5E-02

ANKRD24 Ankyrin repeat domain 24 −0.73 8.7E-04 8.9E-02

MAP2K7 Mitogen-activated protein
kinase kinase 7

−0.64 9.9E-04 1.0E-01

aLog2[fold change] between CON and MPA pigs. bFalse discovery rate adjusted
P-value.

TABLE 5 | Clusters of enriched functional categories (enrichment score ES > 1.3)
among the genes presenting significant maternal immune activation effect, and
representative categories identified using DAVID.

aCategory Category identifier and name P-value bFDR P-value

Cluster 1 ES = 1.51

BP GO:0048646∼anatomic structure
formation in morphogenesis

3.7E-03 9.7E-01

BP GO:0001525∼angiogenesis 8.4E-02 9.8E-01

Cluster 2 ES = 1.40

KEGG ssc05330:Allograft rejection 1.7E-02 8.0E-01

KEGG ssc05169:Epstein–Barr virus infection 2.3E-02 6.7E-01

KEGG ssc05320:Autoimmune thyroid disease 3.0E-02 6.1E-01

aBP, biological process; KEGG, KEGG pathway. bFalse discovery rate adjusted
P-value.

ASD, SSD, and MIA-related disorders between sexes reported
in rodent and human studies (Wischhof et al., 2015). For
example ASD tends to be more prevalent in young males

TABLE 6 | Enriched informative categories (NES > |1.3|) among the genes
differentially expressed between pigs from the control relative to the maternal
immune activation group using GSEA.

aCategory Category identifier and
name

bNES P-value cFDR P-value

BP GO:0001578∼Microtubule
bundle formation

2.03 <1.0E-10 <1.0E-08

BP GO:0060271∼Cilium
morphogenesis

2.01 <1.0E-10 <1.0E-08

BP GO:0044782∼Cilium
organization

1.97 <1.0E-10 <1.0E-08

BP GO:0035082∼Axoneme
assembly

1.94 <1.0E-10 1.8E-04

BP GO:0003341∼Cilium
movement

1.94 <1.0E-10 1.4E-04

aBP, biological process. bNormalized enrichment score, positive values refer to
genes under-expressed in maternal immune activated relative to control pigs.
cFalse discovery rate adjusted P-value.

TABLE 7 | Informative genes presenting significant differential expression between
males (Ma) and females (Fe).

Gene
symbol

Gene name aMa-Fe P-value bFDR
P-value

EIF1AY Eukaryotic translation initiation
factor 1A, Y-linked

13.68 <1.0E-08 <1.0E-08

LHX9 LIM homeobox 9 3.38 <1.0E-08 <1.0E-08

LHB Luteinizing hormone beta
polypeptide

3.92 <1.0E-08 <1.0E-08

TRPC3 Transient receptor potential cation
channel C3

1.83 1.7E-07 4.4E-05

WNT3 Wnt family member 3 1.72 9.0E-07 2.0E-04

IGSF1 Immunoglobulin superfamily
member 1

0.85 6.4E-06 1.3E-03

NPM2 Nucleophosmin/nucleoplasmin 2 1.79 1.8E-05 2.8E-03

RORA RAR-related orphan receptor A 0.74 2.0E-04 2.4E-02

LEPR Leptin receptor 0.62 8.8E-04 8.4E-02

aLog2[fold change] between male and female offspring. bFalse discovery rate
adjusted P-value.

(Kirsten et al., 2010; Haida et al., 2019), while SSD tends to
be more prevalent in females (Bale et al., 2010; Bale, 2011).
Similarly, lower sociability and preference for social novelty
were observed in 2 weeks old pigs from gilts inoculated with
PRRSV at GD 76 than from control gilts (Antonson et al., 2017).
A discussion of the molecular mechanisms impacted by MIA can
offer insights into therapies to ameliorate the lasting effects on
physiology and behavior.

Sex-Dependent Transcriptome Changes
Associated With Maternal Immune
Activation
The evaluation of the 328 genes presenting a significant MIA-
by-sex interaction effect augmented the understanding of the
differential response of transcripts to MIA between sexes
(Table 1 and Supplementary File S1 Table A). The majority
of the previous genes were under-expressed in MPA relative
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TABLE 8 | Clusters of informative enriched functional categories (enrichment
score ES > 1.3) among the genes differentially expressed between sexes
identified using DAVID.

aCategory Category identifier and name P-value bFDR
P-value

Cluster 1 ES = 1.82

MF GO:0005201∼extracellular matrix
structural constituent

3.0E-02 7.9E-01

Cluster 2 ES = 1.74

KEGG ssc04080:Neuroactive ligand-receptor
interaction

2.7E-06 2.4E-04

BP GO:0009725∼response to hormone 7.3E-04 9.4E-01

Cluster 3 ES = 1.74

BP GO:0048732∼gland development 1.7E-03 5.7E-01

Cluster 4 ES = 1.45

BP GO:0007420∼brain development 1.1E-01 7.9E-01

BP GO:0030900∼forebrain development 1.9E-01 8.7E-01

Cluster 5 ES = 1.41

MF GO:0020037∼heme binding 6.2E-02 9.1E-01

MF GO:0005506∼iron ion binding 9.3E-02 9.3E-01

Cluster 6 ES = 1.35

BP GO:0009790∼embryo development 5.8E-03 5.4E-01

BP GO:0090596∼sensory organ
morphogenesis

8.9E-03 5.1E-01

aBP, biological process; MF, molecular function; KEGG, KEGG pathway. bFalse
discovery rate adjusted P-value.

to CON males, and the profile in females was opposite or
less extreme. Many genes presenting a significant MIA-by-sex
effect code for neuropeptides and hormones, or participate in
glutamatergic processes.

The lower NTS levels in the amygdala of male rats associated
with lower conditioned place preference (Laszlo et al., 2010)
is consistent with the lower level of NTS transcripts in MPA
males observed in the present study (Table 1). The under-
expression of neuropeptide gene POMC in MPA relative to
CON males (Table 1) may be associated with the changes in
POMC-related peptide transmission that has been reported in
the brains of patients diagnosed with SSD (Jamali and Tramu,
1997). The under-expression of the neuropeptide gene PENK
in MPA relative to CON males (Table 1) is in agreement with
lower levels of PENK expression in the brains of mice models
of SSD (Gottschalk et al., 2013). PENK was also differentially
expressed in the amygdala of an ASD rat model using prenatal
valproic acid exposure (Oguchi-Katayama et al., 2013). Valproic
acid treatment during pregnancy was associated with a sevenfold
increase in ASD incidence, social difficulties, and reduced
attention (Roullet et al., 2013). Also, CACNA2D3 was under-
expressed in the amygdala of rats exposed prenatally to valproic
acid and coincided with social behavior abnormalities including
heightened anxiety (Barrett et al., 2017). In the present study, the
interaction pattern of CACNA2D3 was characterized by under-
expression in MPA relative to CON males (Table 1).

The over-expression of the neuropeptide receptor VIPR2 in
the amygdala of MPA relative to CON females (Table 1) is
consistent with reports that duplications in this gene confer a

TABLE 9 | Clusters of enriched functional categories (enrichment score ES > 1.3)
among the genes in modules presenting a significant correlation with maternal
immune activation (MPA) relative to control within males using DAVID.

aCategory Category identifier and name P-value bFDR
P-value

MODULE Gray60 (low expression in MPA)

Cluster 1 ES = 14.5

KEGG Ssc05010:Alzheimer’s disease 1.3E-18 9.1E-17

KEGG Ssc05012:Parkinson’s disease 9.8E-18 4.7E-16

Cluster 2 ES = 7.32

MF GO:0016651∼oxidoreductase activity, acting
on NAD(P)H

3.6E-10 1.5E-07

MF GO:0003954∼NADH dehydrogenase activity 3.4E-09 6.8E-07

Cluster 3 ES = 6.41

BP GO:0042775∼mitochondrial ATP synthesis
electron

4.0E-10 8.6E-07

BP GO:0046034∼ATP metabolic process 8.0E-10 8.7E-07

BP GO:0009116∼nucleoside metabolic process 7.8E-08 9.4E-06

MODULE Light yellow (low expression in MPA)

Cluster 1 ES = 4.18

KEGG ssc03010:Ribosome 3.7E-06 5.9E-05

BP GO:0006412∼translation 9.5E-06 1.7E-02

Cluster 1 ES = 2.49

BP GO:0007006∼mitochondrial membrane
organization

5.1E-04 7.8E-02

BP GO:0007007∼inner mitochondrial organization 1.1E-02 3.5E-01

aBP, biological process; MF, molecular function; KEGG, KEGG pathway. bFalse
discovery rate adjusted P-value.

TABLE 10 | Clusters of enriched functional categories (enrichment score
ES > 1.3) among the genes in modules presenting a significant correlation with
sex within the maternal immune activation treatment using DAVID.

aCategory Category identifier and name P-value bFDR
P-value

MODULE Sienna3 (low expression in males)

Cluster 1 ES = 1.58

BP GO:0044255∼cellular lipid metabolic
process

1.1E-02 1.0E+00

BP GO:0044283∼small molecule
biosynthetic process

3.3E-02 9.8E-01

MODULE Ivory (high expression in males)

Cluster 1 ES = 1.47

BP GO:0007416∼synapse assembly 8.1E-03 1.0E+00

BP GO:0007399∼nervous system
development

2.7E-02 9.1E-01

aBP, biological process; MF, molecular function; KEGG, KEGG pathway. bFalse
discovery rate adjusted P-value.

significant risk for SSD (Morris and Pratt, 2014). The differential
expression of the VIP receptor is particularly important
because GABAergic interneurons in the amygdala express the
neuropeptide VIP that facilitates cell firing (Rhomberg et al.,
2018) and maintains the balance of pro- and anti-inflammatory
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cytokines (Martinez et al., 2020). The under-expression of
GPX3 in MPA relative to CON males (Table 1) is consistent
with the association between GPX3 gene expression and SSD
(Zhao et al., 2018).

The sex-dependent response to MIA of hormone receptor
CRHR genes detected in our study (Table 1) has been also
reported by others. The expression of CRHR1 in the amygdala
of 10 weeks old female pigs from sows exposed to a social
stressor during mid-gestation was higher than in pigs from
control gilts, whereas no stressor effects were observed in males
nor in the expression of CRHR2 (Rutherford et al., 2014). Also,
the expression of CRHR was associated with SSD (Mistry et al.,
2013). The alignment between the profiles of the CRHR2 and
neuropeptide GRP genes observed in our study (Table 1) is in
agreement with reports of simultaneous release of CRH and
GRP in the amygdala of rats elicited by the stress hormone
corticosterone (Merali et al., 2008). The over-expression of the
parathyroid hormone receptor PTH1R gene in response to MIA
(Table 1) is consistent with the over-expression of this gene in
SSD and AD (Ibanez et al., 2014). The over-expression of the
functionally related thyroid hormone responsive gene THRSP
in MPA relative to CON females further supports the PTH1R
pattern (Munshi and Rosenkranz, 2018).

Several genes in the glutamatergic and GABAergic pathways
displayed sex-dependent MIA effects (Table 1). This shared
pattern may stem from pro-inflammatory cytokines intensifying
glutamatergic release by the amygdala in a sex-dependent
manner. The glutamate receptor GRM4 was under-expressed
in MPA relative to CON males, while a less extreme and
opposite trend was detected in females (Supplementary File S1
Table A). Supporting our finding, the expression of glutamate
receptor genes was lower in SSD brains (Meador-Woodruff
and Healy, 2000). The pattern differences between sexes could
be connected with differences in gene expression across sexes
in multiple GRM genes including GRM4 in association with
behavior disorders (Gray et al., 2015). The expression pattern of
SLC17A6, a gene in the glutamatergic pathway, was consistent
with that of GRM4 (Table 1). Moreover, NDNF and RELN
(two genes in the GABAergic pathway) displayed similar
expression patterns in our study in agreement with previous
reports (Hou and Capogna, 2018). NDNF interneurons evoke
inhibitory postsynaptic potentials mediated by GABA receptors.
Also, the GABAergic gene RELN has been associated with
ASD and SSD (Canitano and Pallagrosi, 2017) and is under-
expressed in the prefrontal cortex of subjects diagnosed with
SSD (Fatemi et al., 2005). Consistent with our results, genes
that regulate neural migration of GABAergic interneurons were
under-expressed in the brain of offspring from rats exposed
to lipopolysaccharide (LPS)-induced MIA (Oskvig et al., 2012).
The activity of GABA and glutamate on serotonergic neurons
is modulated by chemokine ligands such as CXCL12 (Stuart
and Baune, 2014), and consistent with this interaction, CXCL12
and CXCL13 were under-expressed in MPA relative to CON
males (Table 1 and Supplementary File S1 Table A). Our
results are also consistent with findings that LPS injection
of adult mice dysregulated CXCL12, which in turn increased
glutamatergic release in the amygdala, and anxiety-like behavior

occurrence (Yang et al., 2016). EFHD1, a calcium binding protein
associated with synaptic transmission and levels of gamma
glutamyltransferase was over-expressed in MPA relative to CON
females (Supplementary File S1 Table A). This gene was also
over-expressed in the amygdala of patients diagnosed with SSD
(Chang et al., 2017).

Among the 16,175 genes tested for differential expression in
the present study, the profile of several proinflammatory and
neuroinflammatory genes were consistent with those from a
candidate gene study of the amygdala from 9 days old mice
exposed to MIA (Carlezon et al., 2019). Consistent with the
patterns observed in mice exposed to viral mimetic Poly(I:C)
MIA (Carlezon et al., 2019), an interaction between PRRSV-
elicited MIA and sex was detected in pigs for the genes glial
fibrillary acidic protein (GFAP), nitric oxide synthases 1 and
2 (NOS1 and NOS2, respectively), and translocator protein
(TSPO)-associated protein (0.006 < P < 0.02). These patterns,
albeit consistent, failed to surpass the FDR-adjusted P < 0.05
threshold. Also consistent with the MIA study of mice amygdala
(Carlezon et al., 2019), the differences in expression between
MPA and CON males for tumor necrosis factor alpha (TNF-α),
and interleukin 1 beta (IL-1β), were not statistically significant.
The expression levels for interleukin 6 (IL-6) and interleukin
1 beta (IL-1β) among MPA males were below the minimum
threshold for testing, and therefore, the interaction effects for
these genes are not reported. IL-6 and IL-1β were differentially
expressed between MIA groups in female mice (Carlezon et al.,
2019); however, the reported relative abundances for these genes
suggests that MIA male mice, like MPA male pigs, presented the
lowest levels of IL-6 and IL-1β abundance of all groups studied.

The pattern of several genes presenting a MIA-by-sex
interaction effect was characterized by the same relative
abundance between MIA groups, albeit sexes differed in
magnitude (Table 1). Males presented a more extreme under-
expression of CGA in MPA relative to CON than females
(Table 1). This difference could be associated with the
participation of CGA in multiple hormone processes that regulate
female reproductive performance. The lower impact of MIA
on the CGA levels in females may prevent the dysregulation
of multiple downstream processes associated with reproductive
function. Likewise, the under-expression of TTR in MPA relative
to CON was more acute in males than in females (Table 1). Over-
expression of TTR was noted in the amygdala of rats treated with
MK-801, a N-methyl-D-aspartate antagonist that elicits SSD-like
behavior (Matsuoka et al., 2008). The differential expressions of
HBB and GBP1 among MIA groups detected in our study are also
observed in the amygdala of SSD cases (Chang et al., 2017).

Functional Analysis of Sex-Dependent
Maternal Immune Activation
Transcriptome
The study of over-represented functional categories among the
genes presenting sex-dependent profiles between MPA and CON
pigs (Tables 2, 3 and Supplementary File S1 Tables B, C)
identified categories consistent with previous studies of MIA
and amygdala inflammation. The enrichment of the KEGG
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pathways related to autoimmune disease and antigen processing
and presentation via histocompatibility complex (MHC) (Table 2
and Supplementary File S1 Table B) are in agreement with
the reported association between autoimmune diseases, SSD,
and variants in the MHC gene family (Anders and Kinney,
2015). Autoimmune reactions are capable of inducing psychiatric
symptoms that are mediated by the amygdala such as those
associated with SSD (Lennox et al., 2012). Genes annotated to
MHC receptor activity are over-expressed in the amygdala of
individuals that have SSD (Chang et al., 2017). The cytokine-
mediated signaling pathway was also over-represented among the
genes under-expressed in MPA relative to CON pigs (Table 3).
Consistent with our results, the expression of 28 genes annotated
to immune stimulus had MIA-by-sex interaction effects in the
microglia of GD 97 fetuses after GD 76 PRRSV injection
(Antonson et al., 2019).

Multiple BPs associated with homeostasis and extracellular
matrix assembly were enriched among the genes presenting a
significant MIA-by-sex effect (Tables 2, 3 and Supplementary
File S1 Tables B, C). This finding is in agreement with
the deficit in perineuronal nets in the amygdala of patients
diagnosed with SSD (Paylor et al., 2016). These nets
are extracellular matrix structures that support the high
metabolic demand of the interneurons, and contribute to ion
homeostasis around them.

The enrichment of BP axon and brain development among
the genes presenting an MIA-by-sex effect (Table 2 and
Supplementary File S1 Table B) is consistent with a report
that LPS-elicited MIA is associated with under-expression of
neurodevelopmental genes in the rat fetal brain, including genes
linked to ASD (Oskvig et al., 2012). Furthermore, the amygdala
of rats prenatally exposed to valproic acid, a stressor that leads
to ASD, presented activation of neuron development pathways
(Barrett et al., 2017). Similarly, the KEGG pathway of cell-
adhesion molecules (CAMs), molecules that are fundamental for
nervous system development and maintenance, was enriched
among the genes presenting a sex-dependent MIA effect. This
pathway was also enriched among genes under-expressed in the
brain of rats exposed to LPS-triggered MIA and among genes
under-expressed in the cortex of patients diagnosed with ASD
(Lombardo et al., 2018).

The KEGG pathway neuroactive ligand receptor interaction
was enriched among the genes presenting a significant
interaction effect characterized by under-expression in the
amygdala of CON relative to MPA males (Table 3). This
pattern is aligned with findings that Poly(I:C)-elicited MIA
augmented the synaptic strength of glutamatergic projections
from the frontal cortex into the amygdala of mice (Li et al.,
2018). The neuroactive ligand receptor pathway encompasses
neuroreceptor genes such as dopamine, serotonin, GABA, and
glutamate receptors.

The impact of sex-dependent MIA effects on neuropeptide
and hormone genes (e.g., CGA, POMC, and SSTR1) expressed in
the amygdala is evidenced by the enrichment of GnRH signaling
pathway and hormone activity among the genes under-expressed
in MPA relative to CON pigs (Table 3 and Supplementary
File S1 Table C). Our results suggest that the disruption of

glucocorticoid hormone balance on the HPA axis initiated by
MIA can have long-lasting effects because amygdala processes
are regulated by glucocorticoid receptors and glucocorticoids
repress GnRH secretion.

Impact of Maternal Immune Activation
on Gene Networks Within Sex
Further understanding of sex-dependent effects of MIA on the
co-expression of gene sets was gained from the identification
of WGCNA modules of genes that share relative expression
profiles between the CON and MPA groups in males (Table 9)
or that share relative expression profiles between sexes in MPA
pigs (Table 10). The WGCNA gene modules profiling changes
between MIA groups in males uncovered enrichment of genes
annotated to AD (Table 9). This result is consistent with
findings of common molecular mechanisms shared between SSD
and AD (Prestia, 2011; Sumitomo et al., 2018). Likewise, the
enrichment of ATP metabolic processes among the module of
genes associated with MIA effects in males is in agreement with
evidence that mitochondrial dysfunction associated with SSD
(Prabakaran et al., 2004).

Insights into the distinct vulnerability to MIA between
sexes on the interplay between critical genes was gained from
the study of the network of genes that had a significant
MIA-by-sex effect in the enriched neuroactive ligand receptor
pathway. The comparison of Figures 1, 2 highlights the distinct
interaction between genes in response to PRRSV in males
and females, respectively. Notably, males present a strong
and consistent over-expression (i.e., red color) of genes in
CON relative to MPA, with the exception of SSTR1. On the
other hand, females present a weaker expression differential
with a slight majority of genes under-expressed (i.e., blue
color) in CON relative to MPA pigs. These results suggest
lower vulnerability to MIA effects on gene expression in
females than in males at 3 weeks of age. An example of
this pattern is the module of the neuropeptide receptors,
angiotensin II receptor type 1 (AGTR1), and PTH1R. The
co-expression of these two G-coupled receptors is consistent
with the shared metabolic function (Regard et al., 2008).
Distinct to the opposite patterns between sexes observed
in the previous network cluster, the highly connected CGA
and GH1 are over-expressed in CON relative to MPA
in both sexes, albeit the differences are more extreme in
males than in females. Correlated under-expression of GH1
and CGA was observed in the cerebellum and prefrontal
cortex of rats that presented altered depressive-like behavior
(Yamamoto et al., 2015).

Sex-Independent Associations Between
Maternal Immune Activation and
Transcriptome Changes
The 161 differentially expressed genes between MPA and CON
pigs (Table 4 and Supplementary File S1 Table D) included
genes supported by previous studies of MIA. Additionally, the
differential expression of several genes in Table 4 has been linked
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to neurological disorders such as SSD, ASD, and AD. The over-
expression of ANKRD24 in MPA relative to CON pigs (Table 4)
is supported by the over-expression of an ankyrin repeat domain
family member (ANKRD32) in rat fetal brains exposed to MIA
elicited by LPS (Oskvig et al., 2012). IFITM3, IFITM1, and CTSC
were over-expressed in the amygdala of MPA relative to CON
pigs (Table 4). Similarly, these genes were over-expressed in
the amygdala of individuals diagnosed with SSD (Takao et al.,
2012; Chang et al., 2017). Consistent with our results, IFITM3
was over-expressed in the hippocampi of neonatal mice treated
with Poly(I:C) that resulted in developmental impairment of the
central nervous system and lasting brain dysfunction. Conversely,
Ifitm3−/− mice treated with Poly(I:C) exhibited normal neural
development and did not present neural deficiencies (Ibi et al.,
2013). CTSC was also over-expressed in the hippocampus of
Shn-2 KO mice that exhibited SSD-like behaviors (Takao et al.,
2012). MAP2K7 was over-expressed in MPA relative to CON pigs
(Table 4), and this gene has been implicated in SSD incidence.
MAP2K7 exclusively activates c-Jun N-terminal kinases (JNK)
(Lisnock et al., 2000; Zeke et al., 2016), a mediator of the MIA
response in the developing fetus that likely contributes to the
neurological abnormalities in SSD (Openshaw et al., 2019).

HS3ST5 and SPP1 were over-expressed in the amygdala
of MPA compared to CON pigs (Table 4), and both genes
have been linked to ASD. Consistent with the patterns in
our study, the expression of SPP1 in the temporal cortex
of humans was higher in individuals diagnosed with ASD
compared to controls (Garbett et al., 2008). Indeed, SPP1
participates in multiple immuno-related pathways in neural
tissues (Carecchio and Comi, 2011; Brown, 2012). Genome-wide
association studies identified a genetic variation near HS3ST5
that was significantly associated with ASD while a single-
nucleotide polymorphism within this gene has been associated
with SSD (Wang et al., 2009, 2015).

TACC1, CRABP2, and ALDH1A1 participate in the retinoid
signaling and metabolic pathways and were differentially
expressed in MPA compared to CON pigs (Table 4 and
Supplementary File S1 Table D). Dysregulation of retinoid
pathways may disrupt neural development leading to SSD
(Goodman, 1996), and retinoid toxicity and deficiency are
associated with central nervous system abnormalities (Maden,
1994). The differential expression of genes in the retinoid
pathways is consistent with the previously described changes
in the expression of genes in the thyroid hormone cascades.
Defective cross talks between the retinoid and/or thyroid
hormone processes have been associated with the development of
SSD (Palha and Goodman, 2006). CRABP2 was under-expressed
in MPA compared to CON pigs (Supplementary File S1 Table
D), and mutations in this gene have been implicated in SSD
(Goodman, 1995). Aldehyde dehydrogenase 1 family member A1
(ALDH1A1) was under-expressed in MPA compared to CON
pigs (Table 4). ALDH1A1 was under-expressed in the amygdala
of neonatal rats exposed to odor-shock conditioning, mimicking
the effects of unpredictable early life trauma and resulting in
amygdala dysfunction (Sarro et al., 2014).

IGF2 was under-expressed in MPA compared to CON
pigs (Table 4), and consistent with our results, the systemic

administration of IGF2 reduces ASD phenotypes; promotes
normal social interaction, cognition, and executive function; and
reduces repetitive behavior (Steinmetz et al., 2018). TTR was
over-expressed in the amygdala of MPA compared to CON pigs.
Over-expression of TTR was noted in the amygdala of rats treated
with MK-801, a N-methyl-D-aspartate antagonist that elicits
SSD-like behavior (Matsuoka et al., 2008).

Functional Analysis of Sex-Independent
Maternal Immune Activation
Transcriptome
The functional categories over-represented among the genes
differentially expressed between MPA and CON pigs (Table 5
and Supplementary File S1 Tables E) were supported by
previous studies of MIA and associated neurodevelopmental
disorders. Among these categories was the BP anatomical
structure formation involved in morphogenesis and angiogenesis
(Table 5). This result is consistent with the under-expression
of early growth response 1 (EGR1, a regulator of angiogenic
factors) in the GD 97 fetal microglia of MPA relative to CON
pigs of both sexes after the GD 76 PRRSV challenge (Antonson
et al., 2019). Angiogenesis was also enriched among differentially
expressed genes in the frontal cortex of rats that are exposed to
valproic acid in utero (Hill et al., 2015) to model ASD (Favre
et al., 2013). The observed enrichment of the BP angiogenesis
was also reported among genes dysregulated in the hippocampal
microglia of mice exposed to Poly(I:C) relative to control mice
(Mattei et al., 2017).

Several KEGG pathways associated with inflammation and
infection, including allograft rejection, Epstein–Barr virus
infection, and autoimmune thyroid disease, were enriched,
among the genes differentially expressed between MPA and
CON pigs (Table 5 and Supplementary File S1 Table E).
This finding is consistent with the significant effect of MIA
from GD 76 PRRSV injection on expression of 12 genes in
the amygdala of GD 97 fetuses from both sexes (Antonson
et al., 2019). At this fetal stage, most of the genes differentially
expressed between MPA and CON gilts were annotated to
the BP immune response, including genes annotated to the
BP cytokine-mediated signaling pathway, and to the toll-like
receptor pathway (Antonson et al., 2019). This enrichment
is in agreement with reports of amygdala inflammation and
transcriptome changes in glial cells in response to MIA elicited
by LPS administration in mice that persist into adulthood
(O’Loughlin et al., 2017).

Many BPs that modulate neurodevelopment were enriched
among genes under-expressed in MPA compared to CON pigs,
including microtubule bundle formation, cilium morphogenesis,
cilium organization, cilium movement, and axoneme assembly
(Table 6 and Supplementary File S1 Table F). Reduced
neuronal primary cilia can reduce cellular communication during
development, the number of dendrites (Goetz and Anderson,
2010; Guadiana et al., 2013), and can hinder neurogenesis in the
adult brain (Amador-Arjona et al., 2011). Furthermore, primary
cilia participate in the development of the circuitry of GABAergic
interneurons, and disrupted cilia formation leads to dysregulated
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excitatory/inhibitory signaling between neurons (Guo et al.,
2017). This finding is consistent with the glutamatergic and
GABAergic-associated genes that presented a significant MIA-by-
sex interaction effect previously discussed (Table 1). Disruption
of this circuitry underlies the neurological disorders associated
with ASD and SSD (Bourgeron, 2009; Marin, 2012; Li et al., 2016),
and olfactory neuronal precursors collected from SSD patients
were found to have less primary cilia growth in vitro compared
to controls (Munoz-Estrada et al., 2018).

Main Effect of Sex on Gene Expression
and Functional Enrichment
The amygdala is a sexually dimorphic area of the brain
that is highly responsive to signaling from gonadal steroid
hormones (Hines et al., 1992; Cooke and Woolley, 2005).
Supporting this, 150 genes were differentially expressed (Table 7
and Supplementary File S1 Table G), and most were over-
expressed in males compared to females. The activity of
the amygdala has been related to cortisol response, immune
responses, and hormonal physiology that differs between
sexes (Goldstein et al., 2019). The amygdala is a brain
region dense in sex steroid, glucocorticoid, and cytokine
receptors that are key co-activators of the HPA axis. The
amygdala of male mice has more excitatory synapses per
neuron compared to female mice (Cooke and Woolley, 2005;
Guneykaya et al., 2018).

The enriched KEGG pathway neuroactive ligand–receptor
interaction and biological process response to hormone (Table 8
and Supplementary File S1 Table H) are supported by the
evidence indicating that the amygdala development is greatly
influenced by sex hormones (Cooke and Woolley, 2005). LHX9
and LHB were strongly over-expressed, while IGSF1 was slightly
over-expressed in males compared to females (Table 7). The
importance of LHX9 in the sexual dimorphism of males
and females is highlighted by evidence that Lhx9−/− mice
fail to produce gonads, and male Lhx9−/− resemble females
phenotypically (Birk et al., 2000). IGSF1-deficient males have
later testosterone secretion than individuals with normal IGSF1
expression (Joustra et al., 2013).

Several developmental BP including gland, embryo, sensory
organ, and brain development, along with the MF extracellular
matrix structural constituent, were enriched among the genes
differentially expressed between sexes (Table 8). Supporting these
categories, EIF1AY was over-expressed in the amygdala of males
compared to females (Table 7). Consistent with our results,
EIF1AY was over-expressed in the male brain at early childhood,
puberty, and adulthood and contributes to the structural sexual
dimorphism of the amygdala (Shi et al., 2016).

Additional Considerations
The results of our study of long-lasting changes in the amygdala
transcriptome profiles at approximately 60 days after exposure
to PRRSV advanced the understanding of the impact of MIA
on molecular pathways associated with neurodevelopmental
processes, neurodegenerative diseases, and behavior disorders.
Biological processes impacted at in the amygdala of PD 22

pigs were also impacted at other developmental stages such
as fetal GD 83, 96, or 111 (Antonson et al., 2018, 2019)
and included antigen processing and presentation of peptide
or polysaccharide antigen via MHC class II and immune
response. Likewise, neurodevelopmental processes impacted in
the present study were also reported in the amygdala of
rats prenatally exposed to MIA by means of valproic acid
(Barrett et al., 2017).

Notably, we identified sex-dependent vulnerability to the
effects of MIA on gene expression in the amygdala of pigs at
PD 22. Sex-independent effects dominated in GD 96 fetuses
(Antonson et al., 2019). This comparison supports the hypothesis
that sex-dependent effects of MIA in the amygdala become
stronger as the animal develops. Additional understanding of
MIA effects on the amygdala requires the evaluation of female
and male pigs at older ages, in consideration that female
pigs reach puberty at 5 months of age. Also, evaluation of
the impact of MIA on other brain structures that interact
with the amygdala will enable the determination of broader
molecular profiles.

CONCLUSION

The present study advances the understanding of the prolonged
effects of MIA in the molecular pathways of the amygdala,
a brain structure key to social, feeding, and other behaviors.
The RNA-Seq profiling of 3-week-old female and male pigs,
2 months after viral infection during gestation, offered insights
into MIA-associated neurodevelopmental diseases in humans
such as ASD and SSD and potential effects in livestock health. The
prevalent and sex-dependent dysregulation of genes in immune
pathways was detected, supporting established immunotherapies
to alleviate the pathophysiology of SSD, ASD, and AD (Busche
et al., 2015; Miller and Buckley, 2016).

Our study detected lesser explored molecular processes
affected by MIA including the neuroactive ligand–receptor,
glutamatergic, amyloid peptides, neuropeptide, retinoid, and
ciliogenesis systems. The detection of the previous processes
backs the integration of therapies based on immune modulation
together with therapies that target neurochemical dysfunction
in MIA-associated disorders. The effectiveness of these therapies
may be further advanced by our innovative identification
of frequently disrupted neuropeptide systems. Our functional
and network analyses solidify the promise of multifactorial
therapeutic strategies combining immune and neurochemical
targets to ameliorate MIA-associated neurodevelopmental and
neurodegenerative disorders.
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Introduction: Idiopathic focal epilepsy (IFE) is a group of self-limited epilepsies. The
etiology for the majority of the patients with IFE remains elusive. We thus screened
disease-causing variants in the patients with IFE.

Methods: Whole-exome sequencing was performed in a cohort of 323 patients with
IFE. Protein modeling was performed to predict the effects of missense variants. The
genotype–phenotype correlation of the newly defined causative gene was analyzed.

Results: Four novel heterozygous variants in PGM3, including two de novo variants,
were identified in four unrelated individuals with IFE. The variants included one truncating
variant (c.1432C > T/p.Q478X) and three missense variants (c.478C > T/p.P160S,
c.1239C > G/p.N413K, and c.1659T > A/p.N553K), which had no allele frequency
in the gnomAD database. The missense variants were predicted to be damaging
and affect hydrogen bonds with surrounding amino acids. Mutations Q478X, P160S,
and N413K were associated with benign childhood epilepsy with centrotemporal
electroencephalograph (EEG) spikes. P160S and N413K were located in the inner
side of the enzyme active center. Mutation N553K was associated with benign
occipital epilepsy with incomplete penetrance, located in the C-terminal of Domain 4.
Further analysis demonstrated that previously reported biallelic PGM3 mutations were
associated with severe immunodeficiency and/or congenital disorder of glycosylation,
commonly accompanied by neurodevelopmental abnormalities, while monoallelic
mutations were associated with milder symptoms like IFE.

Conclusion: The genetic and molecular evidence from the present study implies
that the PGM3 variants identified in IFE patients lead to defects of the PGM3 gene,
suggesting that the PGM3 gene is potentially associated with epilepsy. The genotype–
phenotype relationship of PGM3 mutations suggested a quantitative correlation
between genetic impairment and phenotypic severity, which helps explain the mild
symptoms and incomplete penetrance in individuals with IFE.

Keywords: whole-exome sequencing, congenital disorder of glycosylation, immunodeficiency, PGM3 gene,
idiopathic focal epilepsy
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INTRODUCTION

Idiopathic focal epilepsy (IFE), also named as localization-
related idiopathic epilepsy (G40.0 in ICD-10 2016, WHO), is
a common group of self-limited childhood-onset epilepsies. It
contains two major subtypes, i.e., benign childhood epilepsy with
centrotemporal electroencephalograph (EEG) spikes (BECTS,
OMIM# 117100) and benign occipital epilepsy (BOE, OMIM#
132090). BECTS is affecting 0.2% of the population (Strug et al.,
2009), while the prevalence of BOE is unknown but is considered
to affect around 6% of children aged 1–15 years (Weir et al.,
2018). Although both BECTS and BOE are generally regarded as
autosomal dominant inheritance with age-dependent penetrance,
rare causative genes are identified in the patients. Recent studies
have shown that several genes, including GRIN2A, ELP4, SRPX2,
and DEPDC5, are associated with BECTS (Strug et al., 2009;
Lemke et al., 2013; Lal et al., 2014; Reinthaler et al., 2014)GRIN2A
mutations were regarded as the most relevant causative gene for
BECTS but accounted for only 4.9% of the patients with BECTS
(Lemke et al., 2013). So far, no causative gene has been reported to
be associated with BOE. Thus, the etiology for majority of patients
with IFE remains unknown.

In this study, we performed whole-exome sequencing (WES)
in a cohort of patients with IFE. Four novel heterozygous
variants in PGM3 were identified. Previously, PGM3 mutations
were associated with immunodeficiency-23 (IMD23, OMIM#
615816) and/or congenital disorder of glycosylation (CDG)
that is occasionally accompanied by seizures. Our further
analysis showed that previously reported homozygous and
compound heterozygous mutations in PGM3 were associated
with severe immunodeficiency and glycosylation disturbance,
while monoallelic mutations were potentially associated with
mild phenotypes like IFE, suggesting that PGM3 is potentially a
candidate causative gene of epilepsy.

MATERIALS AND METHODS

Subjects
A total of 323 subjects with IFE were recruited in the Epilepsy
Center of the Second Affiliated Hospital of Guangzhou
Medical University in China from January 2014 to 2019.
These subjects were epilepsy patients with partial seizures
and/or focal discharges but without acquired causes. Their
EEGs showed focal abnormalities with features of idiopathic
epilepsies, including shifting, bilateral, or multiple focal
discharges with normal backgrounds. Eligible subjects had a
clinical diagnosis of IFE according to the International League
Against Epilepsy (ILAE-1989, 2006, and 2017) (Commission
on Classification and Terminology of the International League
Against Epilepsy, 1989; Engel, 2006; Scheffer et al., 2017)
after appropriate investigations, including long-term video
electroencephalography (VEEG), brain MRI, cognitive and
behavioral evaluation, and neurometabolic testing. All of the
subjects were followed up for at least 1 year.

The studies adhered to the guidelines of the International
Committee of Medical Journal Editors with regard to patient

consent for research or participation and received approval from
local ethics committees of the participating hospitals. The Ethics
Committee of the Second Affiliated Hospital of Guangzhou
Medical University provided ethics approval.

Whole-Exome Sequencing
Genomic DNA was extracted from peripheral blood using a
QuickGene DNA whole blood kit (Fujifilm, Tokyo, Japan).
Blood samples of parents and siblings were used for linkage
and segregation analysis. Trio-based whole-exome sequencing
was conducted on the Illumina HiSeq 2500/4000 platform
by BGI-Shenzhen (Shenzhen, China). Paired-end reads with a
length of 90bp were generated by massive parallel sequencing
with more than 125 times average depth and more than 98%
coverage of the target region. The raw data were aligned to
the reference human genome (GRCh37) using the Burrows–
Wheeler Alignment (BWA). Potential pathogenic variants were
derived by stepwise filtering. Population-based filtration removed
common variants presenting a minor allele frequency ≥0.005 in
the gnomAD database, except for those previously reported to be
associated with disease in the Human Gene Mutation Database
(HGMD) and/or the Online Mendelian Inheritance in Man
database. Potential pathogenic variants were flagged if predicted
as damaging by multiple in silico programs (Supplementary
Table 1). Inheritance-based filtration filtered variants based on
family history and possible inheritance models. Assessment
of pathogenicity of the variants was performed following the
ACMG guidelines (Richards et al., 2015). Conservation of
mutated positions was evaluated using sequence alignment of
different species. All PGM3 variants were annotated based on the
transcript ENST00000512866.1. Sanger sequencing was used to
validate the positive findings and the variant origination.

Mutation Analysis
To evaluate the damaging effect of candidate variants, protein
modeling was performed using the Iterative Threading
ASSEmbly Refinement (I-TASSER) software (Zhang, 2009;
Yang and Zhang, 2015). The confidence of each modeling
was quantitatively measured by a C-score of 0.14. The
three-dimensional structures were shown using PyMOL 1.7.

In an attempt to evaluate the genotype–phenotype
correlation, PGM3 mutations and their related phenotypes
were systematically retrieved on the PubMed database
till November 2019.

RESULTS

Identification of PGM3 Variants
Four variants in the PGM3 gene (OMIM∗ 172100)
were identified, including one nonsense variant
(c.1432C > T/p.Q478X) and three missense variants
(c.478C > T/p.P160S, c.1239C > G/p.N413K, and
c.1659T > A/p.N553K). Three variants (P160S, N413K,
and Q478X) were identified in the cases with BECTS, and one
variant (N553K) was in the case with BOE. Variants N413K and
Q478X were de novo, while variants P160S and N553K originated
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from their asymptomatic parents, respectively (Figures 1A,B).
These variants in PGM3 had no allele frequency in the gnomAD
database. Variant P160S was predicted to be damaging or
probably damaging by all used in silico programs, variant N413K
was predicted to be damaging or probably damaging by 11 out
of 16 prediction tools, and variant N553K was predicted to
be damaging by SIFT and fitCons (Supplementary Table 1).
The amino acid sequence alignment showed that residues P160
and N413 were highly conserved across vertebrates. Residue
N553 was less conserved in vertebrates and did not appear in
the transcript of several species (Figure 1C). Variant Q478X
was estimated as a pathogenic variant, and variant N413K was
estimated as a likely pathogenic variant by ACMG assessment,
while variants P160S and N553K were uncertain significant
variants. All cases had no other pathogenic or likely pathogenic
variants in genes known to be associated with seizure disorders
(Wang et al., 2017).

Structural Alteration of PGM3 Protein
PGM3 contains four domains (Domains 1–4) (Figure 2A). The
catalytic cleft is formed by the active serine loop in Domain
1, the metal-binding loop in Domain 2, the sugar-binding loop
in Domain 3, and the phosphate-binding loop in Domain 4
(Nishitani, 2006). The truncating variant Q478X is located in
Domain 4 and would lead to haploinsufficiency. Variant P160S
is located in Domain 1, and variant N413K is located in Domain
3. The three-dimensional structural model of PGM3 indicated
that residues P160 and N413 lay in the inner side of the enzyme
active center and were expected to be more “deleterious.” Variant
N553K, located in Domain 4, which lay in the C-terminal of
Domain 4 and a distance away from the enzyme active center
(Figure 2B), potentially led to mild damage effect. The molecular
effects of the missense variants analyzed by protein modeling
using I-TASSER showed that all the three missense variants led
to the alterations of hydrogen bonds and may affect the protein
steric configuration. Originally, residue P160 formed a hydrogen
bond with Y164. When proline was replaced by serine at residue
160, additional two hydrogen bonds were formed with Y183 and
T158 (Figure 2C). Residual N413 formed five hydrogen bonds
with T376, A415, A416, D418, and S421, respectively. When
asparagine was replaced by lysine, the hydrogen bonds with
A415, A416, and D418 were destroyed, and only the hydrogen
bonds with T376 and S421 were kept (Figure 2D). Residue N553
originally formed hydrogen bonds with I551, N552, A554, G558,
and T559, respectively. When the asparagine was replaced by
lysine at 553, the hydrogen bonds with N552, A554, and G558
were destroyed, and a new hydrogen bond with F555 was formed
instead (Figure 2E).

Clinical Features of the Cases With
PGM3 Variants
All affected cases showed childhood-onset focal epilepsy. Table 1
summarized the main clinical features of the four cases with
PGM3 variants. The cases with variants P160S, N413K, and
Q478X were diagnosed as BECTS. The three cases started seizures
at preschool or school age with generalized tonic–clonic seizure

(GTCS) during sleep. The GTCSs occurred with approximately
one to two attacks per year. No developmental delay, intellectual
or speech disability, or visual abnormalities were observed.
Their electroencephalograph (EEG) showed unilateral or bilateral
independent centrotemporal discharges, dominantly during sleep
(Figures 3A–C). The brain MRIs were normal. They all got
seizure-free by low-dose monotherapy of valproic acid or
lamotrigine. The case with variant N553K was diagnosed as
BOE. He was a 3-year-old boy with normal development and
had two GTCSs at the age of 2 years. The EEG obtained at the
age of 3 years showed right occipital discharges (Figure 3D).
His brain MRI was normal. He was seizure-free for 9 months
without any treatment of antiepileptic drugs. Except seizures,
no manifestation of immunodeficiency and CDG was observed
in the four cases.

Genotype–Phenotype Correlation of
PGM3 Mutations
Previously, 18 mutations in PGM3 were identified (Table 2).
Sixteen out of 18 mutations, including 10 homozygous mutations
and 3 compound heterozygous mutations, were identified in 16
families, involved 28 individuals (Sassi et al., 2014; Stray-Pedersen
et al., 2014; Zhang et al., 2014; Lundin et al., 2015; Bernth-Jensen
et al., 2016; Pacheco-Cuellar et al., 2017; Lundin et al., 2018;
Abolhassani et al., 2019). All the individuals carrying biallelic
mutations had the symptoms of immunodeficiency and/or
congenital disorder of glycosylation (CDG). The neurological
features included cognitive disability (12/28), developmental
delay (12/28), seizures (10/28), characteristic facies (8/28), and
hypotonia (4/28). The mutations included 11 missense, two small
deletions, one small insertion, one splicing mutation, and one
gross deletion including the whole gene of PGM3.

In addition, one heterozygous mutation c.626A > G/p.K209R
was identified in a patient with fetal alcohol syndrome (de
la Morena-Barrio et al., 2018); the other heterozygous
mutation c.1369G > A/p.A457T was identified in a patient
from a big cohort of developmental disorders by WES
(Deciphering Developmental Disorders Study, 2017). No
manifestation about immunodeficiency and glycosylation
disturbance was mentioned.

DISCUSSION

PGM3 gene is located on chromosome 6q14.1–q15
(chr6:83164873-83193936) and encodes phosphoglucomutase
3 (PGM3). Previous studies have demonstrated that PGM3
mutations were associated with severe immunodeficiency
and glycosylation disorder, commonly accompanied by
neurodevelopmental disorders and occasionally by seizures.
In this study, four novel heterozygous PGM3 variants, including
two de novo variants, were identified in the cases with IFE and
without the manifestation of immunodeficiency or glycosylation
disorders. Further analysis indicated that biallelic mutations
were associated with severer immunodeficiency or glycosylation
disorders, whereas heterozygous mutations were potentially
associated with mild phenotypes like IFE. The evidence
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FIGURE 1 | Genetic data on the patients with idiopathic focal epilepsy with PGM3 mutations. (A) Pedigrees of the four cases with PGM3 mutations and their
corresponding phenotypes. (B) DNA sequence chromatogram of the PGM3 mutations. Arrows indicate the positions of the mutations. (C) The amino acid sequence
alignment of the three missense mutations shows that residues P160 and N413 are highly conserved across vertebrates. Residue N553 is less conserved and does
not appear in the transcript of several species.

suggests that PGM3 gene is potentially a candidate pathogenic
gene of epilepsy.

PGM3, which catalyzes the conversion of N-acetyl-
glucosamine (GlcNAc)-6-phosphate into GlcNAc-1-phosphate,
is universally required for the synthesis of UDP-GlcNAc, a
sugar nucleotide critical to multiple glycosylation pathways
(Stray-Pedersen et al., 2014). The PGM3 gene is ubiquitously
expressed across the whole lifespan (including embryonic
period)1. In PGM3-deficiency mice, homozygous or compound

1http://www.gdap.org.cn/genedetail.php?symbol=PGM3

heterozygous hypomorphic alleles caused trilineage cytopenias,
even embryonic lethality (Greig et al., 2007), suggesting that
PGM3 is a vital gene for fetal development. In contrast, the
heterozygous PGM3+/gt and PGM3+/mld1 mice presented
subclinical alterations like reduction of PGM3 activity in
multiple tissues (Greig et al., 2007), indicating a genetic dose
effect (quantitative correlation). In humans, PGM3 mutations
were initially associated with IMD-23 characterized by recurrent
respiratory, skin infections beginning in early childhood, and
notably increased serum IgE in laboratory studies. Recently,
PGM3 mutations have also been identified as a cause of
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FIGURE 2 | Schematic illustration of mutation and interactions with surrounding amino acids. (A) Linear schematic of the PGM3 structure and the location of
identified PGM3 mutations. PGM3 is composed of Domains 1–4. Domain 1 is colored purple, Domain 2 in green, Domain 3 in yellow, and Domain 4 in blue.
Mutation P160S locates in Domain 1, mutation N413K locates in Domain 3, and mutations Q478X and N553K in Domain 4. (B) Schematic illustration of the location
of mutations in the three-dimensional structure of PGM3. The active site is depicted in black frame. The residue S64 (colored red) locates in Domain 1. Residues
D276, D278, and D280 (colored blue) locate in Domain 3. The green sphere represents the magnesium (Mg) ion. The yellow spheres represent the mutations.
Mutations P160S and N413K locate within the active center. Mutation N553K is a distance away from the active center. (C–E) Hydrogen bond changes of mutants
P160, N413, and N553. Arrows index the hydrogen bonds.

CDG, usually exhibiting severe skeletal dysplasia, congenital
malformations, and developmental delay. Among the patients
with IMD-23 and CDG, neurodevelopmental abnormalities,
including developmental delay, cognitive disability, seizures,
and hypotonia, were common. Many patients with PGM3
gene deficiency need hematopoietic stem cell therapy to save
their life. Our analysis demonstrated that the cases with severe
immunodeficiency and/or glycosylation disturbance all carried
homozygous or compound heterozygous mutations, consistent
with the results from biallelic deficiency animal models.
Previously, two monoallelic mutations (K209R and A457T)
were reported in the patients with fetal alcohol syndrome
and developmental disorder, respectively (Deciphering
Developmental Disorders Study, 2017; de la Morena-Barrio
et al., 2018), and no immunodeficiency was mentioned. In
the present study, four monoallelic mutations, including two
de novo mutations, were identified in patients with pure IFE.
One truncating mutation led to haploinsufficiency of PGM3.

The other three missense mutations were highly conserved
across the vertebrates and were predicted to alter hydrogen
bond formation with surrounding amino acids. All mutations
had no allele frequency in the gnomAD database and were
predicted to be damaging by multiple software. Taking together
the evidence that PGM3 gene is expressed in brain and associated
with neurodevelopmental disturbance, the PGM3 gene is
suggested to be potentially a candidate pathogenic gene of
epilepsy. The genotype–phenotype correlations indicate that
biallelic mutations in the PGM3 gene are associated with
severe immunodeficiency and glycosylation disturbance, while
heterozygous mutations are potentially associated with mild
phenotypes like IFE, in accordance with the findings in the
PGM3 deficiency mice.

PGM3 protein has four domains arranged in an overall
heart shape similar to phosphoglucomutase 1 (PGM1) (Stiers
et al., 2017). The catalytic cleft is formed by four loops
from each domain. The active site of PGM3 is located in
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TABLE 1 | Clinical and genetic features of the cases with PGM3 mutations.

Case 1 Case 2 Case 3 Case 4

PGM3 mutation c.478C > T/p.P160S c.1239C > G/p.N413K c.1432C > T/p.Q478X c.1659T > A/p.N553K

Origin Paternal De novo De novo Maternal

Epilepsy syndrome BECTS BECTS BECTS BOE

Gender Male Female Male Male

Present age 12 yr 4 yr 17 yr 3 yr 9 mo

Age of seizure onset 7 yr 10 mo 3 yr 12 yr 4mo 1 yr 6 mo

Seizure types sGTCS GTCS GTCS GTCS

Frequency of seizure 1/yr 1/yr 2/mo 2/yr

Family history of seizure None None None None

Intelligence Normal Normal Normal Normal

Developmental delay No No No No

Speech Normal Stutter Normal Normal

Behavior Normal Salivation Normal Normal

Vision Normal Normal Normal Normal

Movement disorder None None None None

EEG discharges Rt centrotemporal Rt centroparietal Bilateral temporal Rt occipital

Brain MRI Normal Normal Normal Normal

Treatment VPA 10 mg/kg/day LTG 5 mg/kg/day VPA 250 mg/bid NA

Seizure outcome Free for 3 yr Free for 0.5 yr Free for 4 yr Free for 1.5 yr

MAF in gnomAD None None None None

ACMG assessment Uncertain significant (PM2 + PP3) Likely pathogenic (PS2 + PM2 + PP3) Pathogenic (PVS1 + PS2 + PM2) Uncertain significant (PM2)

GTCS, generalized tonic–clonic seizures; sGTCS, secondary GTCS; BECTS, benign epilepsy of childhood with centro-temporal spikes; BOE, benign occipital epilepsy;
NA, not available; yr, year; mo, month; VPA, valproic acid; LTG, lamotrigine; MAF, minor allelic frequency; Rt, right.

FIGURE 3 | Electroencephalograph (EEG) changes during non-rapid-eye-movement sleep in the cases with idiopathic focal epilepsy with PGM3 mutations
(referential montage with average reference was used in all EEGs). (A) Interictal EEG of case 1 showed right centrotemporal spike and slow waves (obtained at the
age of 8 years). (B) Interictal EEG of case 2 showed right central spike and slow waves (at the age of 3 years). (C) Interictal EEG of case 3 showed bilateral temporal
spike and slow waves (at the age of 12 years). (D) Interictal EEG of case 4 showed right occipital spike waves (at the age of 3 years).

a large central cleft, formed at the confluence of the four
structural domains. The cleft contains (i) phosphoserine
64 that participates in phosphoryl transfer, (ii) the metal-
binding loop including the three coordinating aspartates
(residues 276, 278, and 280), (iii) a sugar-binding loop,
and (iv) the phosphate-binding site (residue 505) (Uniprot
database) (Stiers et al., 2016). In the present study, besides
the truncating mutation Q478X, all missense mutations
were predicted to change the hydrogen bonds with their
surrounding amino acids and affect the protein structural
stability, potentially impairing enzyme catalytic activity.

Mutations P160S and N413K were located within the active
center and were associated with typical BECTS. Instead,
mutation N553K was identified in a family with BOE with
incomplete penetrance. N553K was a distance away from the
active center and was less conserved, suggesting less damage
effect. Our recent study showed that molecular subregional
location was a critical factor to determine the damaging
effect that presented a continuous distribution and correlated
with the severity of phenotypes (Tang et al., 2019), providing
one of the explanations for the less damaging effect and
atypical symptoms/incomplete penetrance associated with
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N553K. However, further studies are required to determine its
pathogenicity and association with BOE.

IFE is a group of self-limited epilepsies with infrequent
partial seizures and a normal background of EEG. Although
both BECTS and BOE are regarded as genetically determined
epileptic syndromes, big pedigrees are rare. Majority of patients
with BECTS and BOE are sporadic. Incomplete penetrance
is potentially one of the explanations. The present study
demonstrated that less impaired functions of the PGM3 gene, i.e.,
heterozygous mutations, were associated with IFE. Additionally,
heterozygous mutations with a less damaging effect were
potentially associated with the incomplete penetrance. These
findings were consistent with the evidence of quantitative
correlation from PGM3 deficiency models, in which the
heterozygous damaging resulted in subclinical abnormalities,
such as decrease in enzyme activity and hematological alterations
(Greig et al., 2007). In the literature, clinical information about
parents in the biallelic cases was not available. Generally, in
the patients with BECTS and BOE, epileptiform discharges
in EEG will disappear, and epileptic seizures will stop
in adulthood. Even in childhood, the epileptic seizures in
BECTS and BOE are infrequent and usually occur during
sleep, which are usually overlooked. These could be the
reasons of incomplete penetrance in the parents with PGM3
heterozygous mutations. It was also found that most early-
onset patients with immunodeficiency had no seizure, while
the late-onset patients had seizure manifestations, suggesting
an age-dependent penetrance. The early-onset patients usually
had more severe symptoms and rarely survived to the age of
epilepsy occurrence. This may be one of the explanations for
a portion of the patients with biallelic mutations having no
seizure.

Clinically, the features of BECTS and BOE are often
overlapped. Up to 20% patients with BOE have rolandic spikes
as those with BECTS (Lada et al., 2003). BECTS and BOE
may appear in the same patient at different life periods. In the
present study, PGM3 mutations were identified in both BECTS
and BOE, suggesting that BECTS and BOE potentially have
similar etiologies. To date, multiple genes have been implicated
in IFE. The role of multiple rare heterozygous variants in IFE
warrants further study.

In conclusion, we identified four novel heterozygous
PGM3 mutations in patients with IFE without apparent
manifestation of immunodeficiency and glycosylation
disorder. The genetic and molecular evidence implies that
the mutations lead to defect of the PGM3 gene. Taking
together the data from the gene expression profile and
the PGM3 deficiency animal model, it is suggested that
PGM3 gene is potentially a candidate pathogenic gene of
epilepsy. Further analysis revealed that previously reported
biallelic mutations in the PGM3 gene were associated with
severe immunodeficiency and glycosylation disturbance,
while monoallelic mutations were associated with mild
phenotypes like IFE, suggesting a quantitative correlation
between genetic impairment and phenotypic severity, which
help explain the mild symptoms and incomplete penetrance in
individuals with IFE.
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Threshold-Liability Model of
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The search for what causes schizophrenia has been onerous. This research has included

extensive assessment of a variety of genetic and environmental factors using ever

emerging high-resolution technologies and traditional understanding of the biology of

the brain. These efforts have identified a large number of schizophrenia-associated

genes, some of which are altered by mutational and epi-mutational mechanisms in a

threshold liability model of schizophrenia development. The results, however, have limited

predictability and the actual cause of the disease remains unknown. This current state

asks for conceptualizing the problem differently in light of novel insights into the nature

of mutations, the biology of the brain and the fine precision and resolution of emerging

technologies. There is mounting evidence that mutations acquired during postzygotic

development are more common than germline mutations. Also, the postzygotic somatic

mutations including epimutations (PZMs), which often lead to somatic mosaicism,

are relatively common in the mammalian brain in comparison to most other tissues

and PZMs are more common in patients with neurodevelopmental mental disorders,

including schizophrenia. Further, previously inaccessible, detection of PZMs is becoming

feasible with the advent of novel technologies that include single-cell genomics and

epigenomics and the use of exquisite experimental designs including use of monozygotic

twins discordant for the disease. These developments allow us to propose a working

hypothesis and expand the threshold liability model of schizophrenia that already

encompasses familial genetic, epigenetic and environmental factors to include somatic

de novo PZMs. Further, we offer a test for this expanded model using currently

available genome sequences and methylome data on monozygotic twins discordant for

schizophrenia (MZD) and their parents. The results of this analysis argue that PZMs play a

significant role in the development of schizophrenia and explain extensive heterogeneity

seen across patients. It also offers the potential to convincingly link PZMs to both nervous

system health and disease, an area that has remained challenging to study and relatively

under explored.

Keywords: neurodevelopment, de novo mutations, postzygotic somatic mutations, epimutations, neuronal

diversity, mosaicism, neurological disorders, threshold liability model
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INTRODUCTION

Mutations provide the foundation for individual genetic
differences. They also play a critical role in health and disease
as their effect on an individual may range from being lethal
to beneficial. Although most genetic variations in populations
and families are passed on from generation to generation, some
may be acquired de novo. Traditionally, de novo mutations
of interest to diseases have been identified by the genomic
difference between parents and the progeny with the disease.
The assumption is that the mutation causing the disease in
the progeny must have arisen in one of the parental gametes
used to generate the zygote and the resulting progeny. Such
de novo germ line mutations may become part of the familial
gene pool. The occurrence of de novo mutations however is
not restricted to the germ line, only. Most represent errors in
DNA replication that may follow meiosis to generate gametes
or mitosis to increase the number of somatic cells during
development and differentiation of the zygote. Theoretically,
postzygotic de novo mutations may originate at any time during
development, from the early two-cell dividing embryo to any
stage of an individual’s prenatal and postnatal development. Also,
cells carrying de novo postzygotic mutations may become part
of an individual’s heterogeneous genomic composition. As such,
they have been difficult, even daunting to identify and appraise.
Improved technologies and innovative experimental designs,
such as single-cell genome sequencing, have revolutionized this
research. For the first time it is possible to identify postzygotic
mutations, with increasing sensitivity using ongoing revolutions
in genomic technologies (1–7).

Postzygotic somatic mutations may contribute to mosaicism
and add another layer of genetic variation across individuals,
potentially affecting physiology, function and phenotype.
Although it was once assumed that such mutations are
rare and inconsequential they may be almost two orders
of magnitude more frequent than germline mutations (8).

Yet, the degree and consequences of mosaicism resulting

from somatic mutations have not been adequately assessed,
primarily due to inaccessibility of needed samples and lack of
necessary technologies. As such, somatic mutations represent
the latest addition to measures of biological diversity, an area

of research that until recently relied almost exclusively on
germline mutations. Generally, postzygotic development has
been characterized by an increase in cell number via mitosis
and strictly regulated dynamics in gene expression. The cells
produced by mitosis during ontogeny have long-since been
considered primarily genomic clones of the zygote. Although
mutations representing DNA sequence changesmay theoretically
arise with every cycle of mitosis (9), the fate of cells carrying
such mutations is not assured. If a mutation occurs very early in
development, the new mutation may be incorporated in most
tissues of the progeny. However, if the mutation occurs later
in development, fewer cells will carry the mutation, and the
mutation-carrying cells may be confined to a given tissue and/or
cell type. Additionally, cells carrying new mutation(s) may be
selected against during development, while others may have
mutations that result in little to no phenotypic effect (low-level

or micro-mosaicism). Alternatively, some such mutations can
have a positive effect on cell proliferation and subsequently
drive the accumulation of mutant cells. These driver mutations
may result in significant mosaicism with potential to affect
the phenotype. Additionally, somatic mutations can arise as
random events, programmed events, or as the product of an
inherited genotype as in the case of a mutator phenotype (10).
A long-term consequence of ongoing somatic mutations may
be that some/most non-germ cells (soma) will differ in their
genomes and thus in theory no two somatic cells may harbor
100% identical genomes (11–13). The consequence is that
every individual will embody a composite mosaic of genetically
distinct cells. The contributions of somatic mutations and
somatic mosaicism were previously not considered biologically
significant, and the phenomenon of postzygotic mutation has
remained largely underexplored due to the biological complexity
of mutagenesis, mosaicism, access of required cells and tissues
for evaluation and the technical challenges of single-cell “omics.”
Despite these hurdles, the potential of postzygotic mutations
has been implicated in a number of diseases [see review, (14)].
Specifically and most relevant to this discussion they have
been implicated in a number of mental disorders [see recent
review, (15)]. In this overview, rather than offering yet another
extensive review on the subject, we offer a measured perspective
on the phenomenon of developmental postzygotic mutations
relevant to mental disorders and specifically expand upon the
threshold model of schizophrenia, a devastating life-changing
neurodevelopmental disorder of poorly understood etiology
despite the increasing appreciation of the contribution of
postzygotic events in complex diseases (reviewed elsewhere).

SOMATIC MUTATIONS ARE
HETEROGENEOUS AND ACCUMULATE
OVER TIME WITH EFFECTS ON
NEUROLOGICAL PHENOTYPES

Empirically, somatic mutations leading to mosaics with different
genotypes within an individual have been recognized over the
decades (16), but the nature and extent of the mosaicism
is almost never known (2). Rare studies that have begun to
characterize the origin, nature, and consequence of somatic
mutations and mosaicism show that the rate of de novo
somatic mutations leading to mosaicism differs with age and
across tissues, individuals, and families (2, 4, 17–20). Also,
somatic mutations may arise as single-nucleotide substitutions,
transpositions, insertions, deletions (including copy number
change), and aneuploidies. These events appear at random
and are likely caused by a variety of mutational mechanisms.
Some of the mutational mechanisms may be development-
specific while others may constantly add new mutations
throughout life in a clock-like manner (9). The rate and
propensity of somatic mutations may also differ across genes
and gene sequences (20). Interestingly, despite the assumption
that such mutations are stochastic, there is emerging evidence
that some somatic mutations may be programmed, as in
the case of somatic hypermutation involving immunoglobulin
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genes (21–25). Developmental windows for sensitivity to
mutational events have also been demonstrated in mouse
neuronal cells (26). Such results allow us to hypothesize
that postzygotic somatic mutations have the potential to
contribute to a broad spectrum of neurological phenotypes
from health to disease but remain unexplored. To this end,
the better understood dominant role of somatic mutations
in cancer could be used as a working model that can be
applied to the involvement of PZMs in neurological phenotypes
and disorders.

POSTZYGOTIC SOMATIC MUTATIONS
CONTRIBUTE TO DISEASE: THE CANCER
MODEL

Initiation and progression of different forms of cancer represent
two of the most explored areas of de novo genetic changes in
somatic cells over the last few decades (27, 28). This extensive
research has identified a long list of critical genes that are
reported to undergo somatic changes in variety of cancers (http://
cancer.sanger.ac.uk). The results offer a comprehensive resource
for exploring the impact of gene-specific somatic mutations,
both individually and in combination, across different forms
of cancers. Follow-up comprehensive studies on such genes
have provided the precise role of these mutations in oncogenic
transformations. Some of these insights have been possible via
increased resolution involving studies on single cells that include
single-cell sequencing (29) and single-cell multiomics (30). The
results of these studies have assisted in uncovering molecular
insights relevant to the initiation and progression of different
types of cancers (31–33). Of special interest to this discussion
is the role of de novo mutations acting as the “second hit”
that may initiate and subsequently serve as the “driving force”
behind unchecked proliferation and progression of different
cancer phenotypes (34), including metastasis (35). Also, de novo
mutations have been observed to increase at a constant rate with
each genome replication in mutator phenotypes (36) or increase
sporadically with transient hypermutability (31, 32) in different
forms and stages of cancer (37–39). These results have allowed
characterization of subtypes of cancers based on signatures of de
novo mutations and identification of critical players at different
stages in carcinogenesis (40). Translationally, such insights have
helped to redefine cancer from an untreatable, poorly understood
disease to one that can be classified, diagnosed, treated, and in
some cases, cured (40), thus adding new hope to what would
otherwise be a bleak diagnosis just a few years ago. We note
that neurological aberrations are currently poorly understood but
may involve postzygotic somatic mutations that can be detected
and classified. As in the case of cancer, they may provide a
valuable starting point toward gaining insight into the etiology of
specific neurological disorders. It may lead to the characterization
of gene specific changes including somatic mosaicism that may
translate to treatment successes for neurological disorders as
exemplified by the cancer model.

POSTZYGOTIC SOMATIC MUTATIONS
OFTEN ARISE DURING
NEURODEVELOPMENT

Often it has been assumed that all cells in the brain have
identical genomes. However, postzygotic somatic mutations
arising during the development of the brain have the potential
to affect large and small clonal lineages depending upon
the developmental timing of the mutation and the resultant
cell populations carrying the de novo mutation (41). They
may generate differences between the neuronal structures of
monozygotic twins that started life as a single zygote (Figure 1).
Also, they could contribute to the complex spectrum of brain
phenotypes across individuals in the population including some
disease phenotypes (Figure 2). Heterogeneous PZMs are often
reported in the brain (41–43), but it is not known whether
they arise through a random process, if they are inherently
directed, or if they occur in response to environmental cues.
What is understood, however, is that new mutations are somatic,
present in the brain and are not directly transmitted to the
next generation. PZMs however, may ensure that neuronal
genomes in an individual are not singular, homogeneous, or
static, but instead establish mosaic, heterogeneous and dynamic
populations of neural genomes, with new neurons arising
throughout life (42). Among other processes, neurons are known
to undergo de novo long interspersed nuclear element (LINE-
1/L1) retrotransposition (44), as has been reported in adult
neurons (45, 46) and during embryonic development (43, 47,
48). Interestingly, the number of retrotranspositions has been
reported as significantly higher in brain than non-brain tissue
samples (49). Researchers have argued that every cell in the
human brain may contain a number of somatic insertions and
that retrotransposition may play an important role in reshaping
the genetic circuitry (50). This phenomenon can lead to neuron-
to-neuron variation, a neuron-specific transcriptome, and a
neurobiological phenotype (51–53). Besides retrotranspositions,
neuronal variations may also arise from additional genetic
alterations in whole chromosome numbers (54), rearrangement
of mobile elements (50), insertions/deletions (55), and single
nucleotide variants (SNVs) (18). Theoretically, there is no limit to
the kind and amount of genomic variation within an individual,
and therefore every gene in the human neural genome may
be mutated in some neurons (56). The potential exists to
uniquely define nearly 100 billion neurons and over 100 trillion
neuronal connections. In this context, PZMs will add an extra
level of variation for plasticity, adaptability, and resilience to
the dynamics of environmental change and insults, which is
specifically operational and sensitive in the brain (53). Such
results argue that PZMs may be key contributors to intra-
individual variability that may affect neuronal phenotypes. In
doing so, they also provide a novel and unique insight in the
biology of the brain, each representing a unique composite
of mosaics that has remained unexplored. What is being
realized is that postzygotic transposition events are higher in
some mental disorders (49). These events preferentially affect
genes associated with neuronal functions, and an uncontrolled
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retrotransposition may increase the risk of mutations leading
to disorders. Indeed, pre-existing retrotransposons may act as
“lightning rods” for novel insertions, which may modulate
gene expression (49). Specifically, de novo PZMs have been
reported in a number of neurodegenerative (57, 58) as well as
neurodevelopmental diseases (59–61). Of special interest to this
discussion is the high frequency of de novomutations reported in
patients for neurodevelopmental disorders such as autism (62)
and schizophrenia (63–66). Here, we will specifically focus on
schizophrenia as a model of neurodevelopmental disorders in
assessing the involvement of PZMs in brain disorders.

POSTZYGOTIC MUTATIONS ARE
CANDIDATE CONTRIBUTORS TO
SCHIZOPHRENIA

Schizophrenia is a complex neurodevelopmental disorder that
is present worldwide at a relatively stable frequency (∼1%).
The disease is heterogeneous, often expresses in early adulthood
and difficult to early diagnose in absence of any biological
test. It has high heritability (80%), as well as high discordance
in monozygotic twins (50%) (67). The search for genes and
inherited factors causing schizophrenia has been long and
exhaustive but the identification of causal gene(s) has been
elusive. However, this meticulous and long research has identified
a large number of schizophrenia-associated single nucleotide
polymorphisms (SNPs) and copy number variations (CNVs)
in hundreds of genes and non-coding loci (http://www.szdb.
org). As it stands, most of the findings reported in this
database have been difficult to replicate and are not unique
to this disease (68). Some of these genes and mutations could
provide predisposition diagnostic information including clinical
spectrum for schizophrenia and other related disorders. Further,
an assessment of results by the Schizophrenia Working Group
of the Psychiatric Genomics Consortium (2014) has identified
108 of the most common gene variants that have met a high
degree of significance but explain a small fraction of the disease
risk. Yet additional analysis has led to the prioritization of
145 most common schizophrenia variants that may serve as a
foundation for patient specific genetic liability for this disease
(69). These variants may directly or indirectly contribute to a
disease threshold that could be achieved by inherited variants
in concert with still-uncharacterized random events, including
the effect of the environment. Indeed, most research on the
development of schizophrenia is compatible with this long-
standing threshold model (70, 71).

Of the random events reported in schizophrenia, two
biological features appear noteworthy. The first involves de novo
DNA sequence changes including CNVs reported in the brain
(72) and blood (73–75). These often affect synaptic genes, and
associated CNVs tend to occur in genome regions that are prone
to recurrent mutations (76) and are implicated in schizophrenia
(77, 78). The second random feature implicated in schizophrenia
is epimutations, particularly changes in DNA methylation (79).
They may undergo such changes randomly or in response
to external exposures and be passed on through succeeding

mitotic cycles (9, 16). Epimutations, that often affect gene
expression may complicate familial tendencies with random and
environmentally-responsive events. Additionally, there may be
a role for epigenetically-regulated human endogenous retroviral
HERV and related sequences (80). HERVs are retroviruses that
have the potential to transpose and facilitate copy number
changes. They may also affect epigenetic features (80). Such
sequences have been uniquely isolated from the genomes of
the affected members of the monozygotic twin pairs discordant
for schizophrenia (MZD) (81). Additionally, HERV-related
DNA/RNA sequences that were detected in the genomes of the
affected members of MZD for schizophrenia have been reported
to be elevated in schizophrenia patients (82). These sequences
may represent copy number changes and/or increased expression
with potential to increase transposition. Additionally, the HERV-
associated C4 locus within the major histocompatibility complex
on chromosome 6 may affect C4 expression, which is involved
in the pruning of the dendritic spine in schizophrenia (83).
These results support the hypothesis that schizophrenia may
involve mutations representing DNA sequence changes as well
as changes representing any epigenetic modifications that may
affect gene expression. Together, they may function as the sum
total of postzygotic somatic modifications (PZMs) that may
contribute to the development of schizophrenia. Some of these
modifications may be hereditary and transmitted through the
parent(s), while others may represent postzygotic changes that
are now technologically identifiable (using exceptional methods)
and allow for proposition of an expansion of the threshold-
liability model for schizophrenia.

AN EXPANDED-THRESHOLD-LIABILITY
MODEL FOR SCHIZOPHRENIA MAY
INCLUDE POSTZYGOTIC EVENTS

There is mounting evidence that every brain is a unique
mosaic representing a composite of genetically distinct cells
[see review (83)]. It may apply to a “normal” brain as well
as a brain from an individual with a neurological disorder,
including schizophrenia (56). Here, the brain from a patient may
carry many more mutations/modifications affecting pathway(s)
defective in schizophrenia. Also, given extensive heterogeneity,
the number and type of genes affected may be unique across
all/most patients with schizophrenia. Brains from different
patients will be expected to carry heterogeneous sets of
mutations/epimutations and these differences may account for
the highly variable disease manifestation across patients. In some
patients, the set of causal mutations/modifications needed for
disease manifestation may all be inherited from parents, while in
others they may represent inherited plus somatic de novo events
that may include DNA sequence changes and/or epimutations
(Figure 3). Here, the de novo events may or may not be needed
to raise the liability and eventually to cross the threshold of
liability for the manifestation of the disease (84, 85). Naturally,
the acquired de novo neuronal mutations and epimutations will
not be transmitted to the next generation even though any
predisposition for such mutation(s), if present, may follow a
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FIGURE 1 | A hypothetical model for the generation of genetic differences between brains of monozygotic twins by postzygotic mutations (PZM). The timing, genes

affected, clonality, and brain region(s) affected may cause the twins to develop discordance for neurodevelopmental diseases, including schizophrenia.

familial transmission. The inclusion of such postzygotic events
adds a novel and acquired somatic genetic/epigenetic change
during the life of the individual to the causation of the disease.

The expanded-threshold-liability model for schizophrenia

that includes postzygotic mutations and epimutations (PZMs)
is compatible with a number of unusual features of this
disease. These include high discordance (∼50%) of the disease

among monozygotic twins, adult onset of the disease, high
heterogeneity, and a spectrum of manifestations including
overlapping endophenotypes involving different diagnostic
entities. For the first time, this model also provides the
most logical biological explanation for a comparable risk of
transmission of schizophrenia by the members of a monozygotic
twin pair discordant for the disease (MZD) (86, 87). The
model argues that the affected and unaffected members of
the MZD pair would inherit a comparable level of genetic
predisposition and pass it on to their respective offspring. This
level of inherited liability is expected to be below the disease
threshold. However, the addition of de novo somatic PZMs (by
chance alone) in the disease twin will lead to the development
of disease (Figure 4) while maintaining a comparable risk of
transmission to the next generation by both members of the
MZD twin pair. Here, the risk of transmission of the disease by
the ill twin will not be any higher than the risk of transmission
by the well (unaffected) twin. Also, this expanded-threshold-
liability model being presented for schizophrenia will be
applicable to most neurological disorders with high discordance
in monozygotic twins. It will be particularly relevant in
disorders with neurodegeneration and neurodevelopmental
manifestation. Although logical, the expanded model
remains a theoretical concept and needs to be tested and
established experimentally.

TESTING THE
EXPANDED-THRESHOLD-LIABILITY
MODEL FOR SCHIZOPHRENIA

Testing the proposed expanded-threshold-liability model in
schizophrenia that incorporates de novo neuronal postzygotic
mutations and epimutations, acquired during the life of an
individual will be challenging for two reasons. First, the somatic
de novo events that add to the threshold for the disease will
not be transmitted to the next generation; they are acquired by
an individual during his/her lifetime and are eliminated from
the population with their death. Second, the somatic nature of
de novo mutations will generate complex mosaicism, making
every brain genetically heterogeneous, different and unique (41).
This cellular heterogeneity will present a special challenge in any
attempt of characterization as it will require assessment of cell-
specific, rather than brain-specific, features. To this end, a variety
of evolving methods and experimental designs including single
cell genomic and multiomics (61, 90) may offer novel strategies
and resolution to this complexity. Indeed, it will be challenging to
identify and obtain desirable cells for such studies. Taking just any
cell from any individual or brain will not be satisfactory. There
will be a need to compare the neuronal zygotic and postzygotic
genome that is not always practical or ethically acceptable.
Although the use of multiple tissues is a practical way to identify
postzygotic DNA sequence changes, others including epigenetic
changes and transpositions may present problems as they are
expected to be tissue specific. The challenges in ascertaining the
extent and nature of acquired liability will also relate to the timing
of mutation, the size of mutant clones, the accessibility of the
mutant cells, the cell types affected, and the positional localization
of the mutant cells. Additionally, it will be challenging to
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FIGURE 2 | Potential for variable mosaicism in an individual brain based on differences in postzygotic somatic de novo mutations during development. The outcome

will make every brain unique, some below (A–C), and others above (D) a genomic threshold for the development of a mental disease.

distinguish disease-relevant mutations from background de novo
variants necessitating interpretation using a tested statistical
framework (91). Under these circumstances, there is an imperfect
alternative that may help assess the feasibility of the expanded-
threshold-liability model in schizophrenia. Here, monozygotic
twin pairs discordant for schizophrenia (MZD) may be used
to represent an appropriate resource for testing the expanded-
threshold-liability model for schizophrenia (88, 89). Recall that
members of the MZD pair begin life as a single zygote but
develop independently as two different individuals (somas). They
share common familial predispositions and acquire independent
PZMs, making the two twins distinct (Figure 1). Here, the most
logical experiment involving a direct assessment of brain regions
potentially carrying different somatic mutations/epimutations
in the two brains will be difficult for a variety of reasons
including accessibility. However, any PZM that occurs very
“early” during embryonic development may be expected to be
maintained in neuronal as well as (some) non-neuronal cells
during ontogeny. As such, some of the easily accessible non-
neuronal cells (blood, cheek swabs, etc.) may serve as a proxy
for occurrence of “early” somatic mutations that may also be
present in neuronal cells. Indeed, DNA from the blood of MZD

twins has been shown to be not 100% identical (74, 89, 92). They
carry a variety of sequence differences, epigenetic and genetic,
that must result from postzygotic events. Here, any use of blood
DNA from MZD twins could overcome challenges faced by the
inaccessibility of live neuronal cells for evaluation, even though
such results will be limited and may miss out on “late” mutations
that may have occurred after the differentiation of a neuronal
lineage. Also, the genome of the unaffected twin may be used to
represent the zygotic genome that started the twomembers of the
MZD twin toward identification of any/all schizophrenia specific
postzygotic changes in the disease twin. This is by no means a
perfect experiment. However, the results will have the potential
to implicate involvement of somatic mutations in the genes that
are known to be involved in the disorder (69), particularly those
that occurred “early” during the independent development of the
two twins.

Interestingly, the complete DNA sequence and genome-wide
DNA methylation (88, 89) data on the blood DNA from two
MZ twin pairs discordant for schizophrenia and their parents
available in the literature allows us to assess any involvement
of PMZs in this disease. The analysis of these data has allowed
an assessment of a large number of disease associated mutations
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FIGURE 3 | The genetic threshold required for the development of a neurodevelopmental disease may be met by (1) A major gene insult; (2) An adequate level of

polygenic mutations; or (3) A combination of inherited (a) plus acquired somatic mutations (b) and/or somatic epimutations (c).

FIGURE 4 | MZ twins as a model for assessing the genetic threshold liability hypothesis. Representation of three sets of twins [MZC well (monozygotic twins both

unaffected), MZC disease (monozygotic twins both diseased) and MZD (monozygotic twins discordant)] within the threshold liability hypothesis (unaffected = blue,

disease affected = red). In this model, the affected twin in the MZD pair must acquire somatic mutation/epimutation to cross the threshold and develop the disease.

Genomic and epigenomic assessment of these exceptional twin pairs will allow for identification of pair-specific postzygotic somatic event(s) [Adapted from Castellani

et al. (88, 89)].

(http://www.szdb.org) reported in the blood DNA. Specifically,
it has allowed assessment of postzygotic changes in the 145
most common schizophrenia associated gene variants (69) in

the disease twin that is not present in his/her unaffected
counterpart. The family specific genome sequence results (89)
show that every member of the two families carried a subset of
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common schizophrenia-associated gene variants (69). Although
the majority of the schizophrenia-associated gene mutations
present in the twins are shared and present in one or the
other parent (inherited), the remainder are not seen in either
parent and are unique to only one member of the MZD twin
pair (89). The latter are most compatible with their postzygotic
origin. More important, they could have not originated in any
parental gamete that produced the zygote. The results also
show that although both members of the MDZ twin pairs
carry some disease-related mutations, the affected members have
acquired additional disease-associated mutations in glutamate
and dopamine pathway genes in both patients [see details
in (89)]. It is argued that such mutations will have the
potential to help cross the disease liability threshold and develop
schizophrenia in the diseased twin only (Figures 3, 4). It is
important to suggest that any dataset that is based on blood DNA
is limited to known schizophrenia-associated de novo events that
may have occurred “early” in development. As such, they may
not include de novo mutations that may have occurred “late”
in development, not apparent in the blood and would be/are
confined to the brain.

It is important to note that not all mutations that may
contribute to schizophrenia involve sequence changes. Some
other forms may involve epigenetic changes including DNA
methylation. The details of genome-wide methylation results on
the same two MZD pairs that were studied for genome sequence
difference reported in Castellani et al. also show methylation
aberrations in the blood DNA of the patient as compared
to the well member of the twin pair (88). The results show
that de novo events involving genome sequence and epigenetic
DNA methylation changes may be independent and add to
the disease liability in an expanded-liability-threshold model of
schizophrenia. To the best of our understanding such results
provide among the most comprehensive account of all/most gene
mutations and DNA methylation changes that may have led to
the development of schizophrenia in the two affected members
of the two unrelated MZD twins. They may represent a near
complete list of disease-causing mutation in individual patients
for the first time. It has been made possible by assessment of
the monozygotic twins discordant for schizophrenia, where the
genotype and epigenotype (methylation specificity) of the well-
twin is used to serve as the perfect-matched control. It allows
a reliable assessment of inherited as well as postzygotic somatic
changes during the independent development of the members of
the MZD twin pair that started life as a single zygote. Finally,
it is critical to note that these results are based on only two
patients. There is a need to replicate such results on a larger
sample size. We note that it will be challenging to find and study
such patients belonging to well-characterized MZD pairs. Indeed
access and availability of brain DNA from such MZD twins for
such studies will be most valuable. To this end, we recognize
the challenge and our inability to acquire a more comprehensive
result that includes all genetic and epigenetic variants, inherited,
acquired, and present in different regions of the disease brain.
Such results however, will be needed to fully define the nature
of genetic predisposition in individuals, including the unaffected
member of the MZD pair. Despite such concerns, the limited

results discussed offer potential involvement of PZMs (89) that
includes epimutations (88) in the development of schizophrenia.

It is important to point out that the PZMs implicated in
schizophrenia affect a relatively large number of genes, and
that not all patients will require postzygotic changes during
development in order to reach the disease threshold. In some
cases, all of the changes necessary for the manifestation of the
disorder will be acquired via familial transmission. This may be
the case in monozygotic twin pairs that are concordant (MZC-
disease) for the disease (Figure 4). The proposed expanded
model is testable using MZD twin pairs that have inherited
some, but not sufficient, genetic liability to reach the disease
threshold. Unlike the unaffected member of this MZD pair,
the affected MZD patient is shown to have acquired additional
PZMs leading to a threshold necessary for disease manifestation
(Figures 3, 4). The addition of de novo somatic mutations and
epimutations during early or late development (and present in
the brain) is a timely addition to the revised threshold-liability
model for schizophrenia. This expansion recognizes that almost
all neurodevelopmental disorders are multifactorial and have a
heterogeneous causation. These may include any of the three
options: major familial mutation(s), adequate inherited polygenic
mutations/epimutations, or a combination of inherited and
acquired de novo (early and/or late) mutations and epimutations
that help cross the liability threshold for the development of
schizophrenia. This expanded model should be applicable to
most disorders with complex genetic and epigenetic etiology and
involvement of postzygotic changes.

One of the major challenges in neurologic disease research
is the accessibility of appropriate target biological sample and
use of perfectly matched control. Such samples are particularly
critical for characterizing neurological disorders, including
schizophrenia. These disorders involve a large number of genes,
where each gene itself contributes relatively small effects. Most
of the genes involved are expected to be polymorphic in the
population, and many of the genes may undergo postzygotic
genetic and/or epigenetic changes, particularly in the brain.
This extensive polygenicity and inherited and non-inherited
heterogeneity makes the investigation of the etiology of
neurological disorders one of the next great challenges in
biomedical science. Of special concern is the complex genetic
and epigenetic somatic mosaicism being increasingly reported
in the brain. Although logical and timely, research on de novo
mutations and epimutations will demand novel approaches and
high-resolution technologies, clever experiments, exceptional
patients, precious and ethically sensitive biological samples,
ample time and resources. Additionally, many of the specific
PZMs reported to date have not yet been replicated, cataloged
and curated. Here, the proposed Brain Somatic Mosaicism
Network (93) has the potential to open novel avenues that have
remained unexplored. This initiative will include refinement
of technologies (94) that will permit characterization of every
neuronal type (95) and its connectivity with other neurons
in the mammalian brain (96). The anticipated results will
be revolutionary and provide a long-awaited breakthrough
for the field of precision medicine in neurodevelopmental
disorders, and in particular, schizophrenia. Among the
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most immediate application of precision corrections may
include in vivo neuroepigenome editing for treating brain
pathology (97).

CONCLUDING REMARKS

The mammalian brain is a dynamic organ with a high degree of
mosaicism likely caused by postzygotic genetic and epigenetic
alterations that may contribute to most multifactorial and
complex neurological disorders. Traditionally, researchers have
used an established threshold-liability model that incorporated
the sum total of all inherited mutations in combination with
environmental factors to define a liability scale sufficient for
the development of disease (Figure 4). As it stands, this model
was postulated before there was any realization of any role
for postzygotic genomic/epigenomic changes and mosaicism.
The timely revision of this model included in this discussion
incorporates two observations. First, postzygotic changes are
rather widespread and make every brain a unique genetic mosaic
(Figures 1, 2). Second, depending on the number and type
of genes affected, the postzygotic changes may contribute to
the liability scale toward the threshold of the development of
a disorder like schizophrenia (Figure 3). The occurrence of
differential postzygotic changes (both DNA methylation and
DNA sequence) has been demonstrated in the MZD twin
blood DNA (88, 89). It may serve as a proxy for their
differential presence in the brain. The observed PZMs seen
in the blood of MZD pairs are expected to have occurred
“early” during development and differentiation but this must be
shown empirically.

The results discussed here are compatible with the
involvement of postzygotic somatic changes in schizophrenia.
A comprehensive assessment of this phenomenon will only be
possible if all early, late, and ongoing postzygotic alterations
present in the brain are identified. Further studies will require
the assessment of postmortem or surgery-derived samples of
brain regions relevant to the disorder. Some of these may become
feasible given the need for relatively small number of cells needed
for this assessment as future experimental work must use more
refined methods including single-cell multiomics at the neuronal
level. An informative experiment may involve single-cell neurons
from monozygotic twins discordant for the disease. Also, there

may be a need to add the genomic location, cells representing
relevant brain region(s), and the genetic background of the
individual to this the “expanded-threshold-liability model.”
Finally, the revised model explains the extensive variability
in brain phenotypes in the general population and the high
discordance of monozygotic twins (MZD) including the fact
that both members of the MZD pair have comparable risk of
passing on the predisposition to their progeny. Experimental
validation, although logical, timely and promising, continues
to be challenging. The results, however, will bring about a
long-awaited revolution in the understanding of neurological
disorders, and their management, prevention and treatment
that may include in vivo neuroepigenome editing (97). There
is every reason to envision that the outcomes of the expanded
research direction on schizophrenia will be comparable and even
surpass the revolution of precision medicine being realized in
the treatment of different forms of cancers. There are major
challenges with neurological disorders, but breakthroughs are
possible with the right ideas.

AUTHOR CONTRIBUTIONS

SS and KH wrote the first draft of the manuscript. CC, SS,
and KH contributed equally to the formatting, editing, revision,
figures, and intellectual content of the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This research was funded by grants from the Canadian
Institutes of Health Research (CIHR), Ontario Mental Health
Foundation, Schizophrenia Society of Ontario, Natural Sciences
and Engineering Research Council (NSERC) of Canada to SS, and
Natural Sciences and Engineering Research Council of Canada
(NSERC) Discovery (Grant No. R3511A12 to KH). CC was
supported by a CIHR Doctoral Research Award and CIHR
Postdoctoral Fellowship.

ACKNOWLEDGMENTS

The authors acknowledge the assistance of Xiao Min Pearl Hung
in the construction of Figures 1, 2.

REFERENCES

1. Lupski JR. Genomemosaicism–one human,multiple genomes. Science. (2013)

341:358–9. doi: 10.1126/science.1239503

2. Martincorena I, Roshan A, Gerstung M, Ellis P, Van Loo P, McLaren S, et al.

High burden and pervasive positive selection of somatic mutations in normal

human skin. Science. (2015) 348:880–6. doi: 10.1126/science.aaa6806

3. Jung S-H, Yim S-H, Oh HJ, Park JE, Kim MJ, Kim GA, et al. De novo

copy number variations in cloned dogs from the same nuclear donor. BMC

Genomics. (2013) 14:863. doi: 10.1186/1471-2164-14-863

4. Sugiura M, Kasama Y, Araki R, Hoki Y, Sunayama M, Uda M, et al. Induced

pluripotent stem cell generation-associated point mutations arise during the

initial stages of the conversion of these cells. Stem Cell Rep. (2014) 2:52–

63. doi: 10.1016/j.stemcr.2013.11.006

5. Bae T, Tomasini L, Mariani J, Zhou B, Roychowdhury T, Franjic D, et al.

Different mutational rates and mechanisms in human cells at pregastrulation

and neurogenesis. Science. (2017) 555:1–10. doi: 10.1126/science.aan8690

6. Leija-Salazar M, Piette CL, Proukakis C. Somatic mutations

in neurodegeneration. Neuropathol Appl Neurobiol. (2018)

44:267–85. doi: 10.1111/nan.12465

7. Dou Y, Gold HD, Luquette LJ, Park PJ. Detecting somatic mutations in normal

cells. Trends Genet. (2018) 34:545–57. doi: 10.1016/j.tig.2018.04.003

8. Milholland B, Dong X, Zhang L, Hao X, Suh Y, Vijg J. Differences between

germline and somatic mutation rates in humans and mice. Nat Commun.

(2017) 8:15183. doi: 10.1038/ncomms15183

9. Alexandrov LB, Jones PH, Wedge DC, Sale JE, Peter J. Clock-like

mutational processes in human somatic cells. Nat Publ Gr. (2015) 47:1402–

7. doi: 10.1038/ng.3441

10. Liu P, Yuan B, Carvalho CMB, Wuster A, Walter K, Zhang L, et al. An

organismal CNV mutator phenotype restricted to early human development.

Cell. (2017) 168:830–42.e7. doi: 10.1016/j.cell.2017.01.037

11. Forsberg LA, Gisselsson D, Dumanski JP. Mosaicism in health and

disease — clones picking up speed. Nat Rev Genet. (2016) 18:128–

42. doi: 10.1038/nrg.2016.145

Frontiers in Psychiatry | www.frontiersin.org 9 October 2020 | Volume 11 | Article 58716244

https://doi.org/10.1126/science.1239503
https://doi.org/10.1126/science.aaa6806
https://doi.org/10.1186/1471-2164-14-863
https://doi.org/10.1016/j.stemcr.2013.11.006
https://doi.org/10.1126/science.aan8690
https://doi.org/10.1111/nan.12465
https://doi.org/10.1016/j.tig.2018.04.003
https://doi.org/10.1038/ncomms15183
https://doi.org/10.1038/ng.3441
https://doi.org/10.1016/j.cell.2017.01.037
https://doi.org/10.1038/nrg.2016.145
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Singh et al. Postzygotic Somatic Mutations in Disease

12. De S. Somatic mosaicism in healthy human tissues. Trends Genet. (2011)

27:217–23. doi: 10.1016/j.tig.2011.03.002

13. Cotterman CW. Somatic mosaicism for antigen A2. Acta Genet Stat Med.

(1956) 6:520–21. doi: 10.1159/000150891

14. Biesecker LG, Spinner NB. A genomic view of mosaicism and human disease.

Nat Rev Genet. (2013) 14:307–20. doi: 10.1038/nrg3424

15. Nishioka M, Bundo M, Iwamoto K, Kato T. Somatic mutations in the human

brain: implications for psychiatric research. Mol Psychiatry. (2018) 24:839–

56. doi: 10.1038/s41380-018-0129-y

16. Hall JG. Review and hypotheses: somatic mosaicism: observations related to

clinical genetics. Am J Hum Genet. (1988) 43:355–63.

17. Lodato MA, Rodin RE, Bohrson CL, Coulter ME, Barton AR, Kwon M, et al.

Aging and neurodegeneration are associated with increased mutations in

single human neurons. Science. (2017) 4426:1–8. doi: 10.1101/221960

18. Lodato MA, Woodworth MB, Lee S, Evrony GD, Mehta BK,

Karger A, et al. Somatic mutation in single human neurons

tracks developmental and transcriptional history. Science. (2015)

350:94–97. doi: 10.1126/science.aab1785

19. Verheijen BM, Vermulst M, van Leeuwen FW. Somatic mutations in neurons

during aging and neurodegeneration. Acta Neuropathol. (2018) 135:811–

26. doi: 10.1007/s00401-018-1850-y

20. Hodgkinson A, Eyre-Walker A. Variation in the mutation rate across

mammalian genomes.Nat Rev Genet. (2011) 12:756–66. doi: 10.1038/nrg3098

21. Livnat A. Interaction-based evolution: how natural selection and nonrandom

mutation work together. Biol Direct. (2013) 8:24. doi: 10.1186/1745-6150-8-24

22. Papavasiliou FN, Schatz DG. Somatic hypermutation of immunoglobulin

and genes: merging mechanisms for genetic diversity. Cell. (2002) 109:S35–

44. doi: 10.1016/S0092-8674(02)00706-7

23. Tsunoyama K, Bellgard MI, Gojobori T. Intragenic variation of synonymous

substitution rates is caused by nonrandom mutations at methylated CpG. J

Mol Evol. (2001) 53:456–64. doi: 10.1007/s002390010235

24. Francioli LC, Polak PP, Koren A, Menelaou A, Chun S, Renkens I, et al.

Genome-wide patterns and properties of de novo mutations in humans. Nat

Genet. (2015) 47:822–6. doi: 10.1038/ng.3292

25. Briney BS, Crowe JE. Secondary mechanisms of diversification

in the human antibody repertoire. Front Immunol. (2013)

4:42. doi: 10.3389/fimmu.2013.00042

26. Konstantinidou C, Taraviras S, Pachnis V. Geminin prevents DNA damage

in vagal neural crest cells to ensure normal enteric neurogenesis. BMC Biol.

(2016) 14:94. doi: 10.1186/s12915-016-0314-x

27. Sabel M, Osborn M, Aronson M, Kratz CP, Dunn GP, de Borja R, et al.

Comprehensive analysis of hypermutation in human cancer. Cell. (2017)

171:1042–56.e10. doi: 10.1016/j.cell.2017.09.048

28. Acuna-Hidalgo R, Veltman JA, Hoischen A. New insights into the generation

and role of de novo mutations in health and disease. Genome Biol. (2016)

17:241. doi: 10.1186/s13059-016-1110-1

29. Gawad C, Koh W, Quake SR. Single-cell genome sequencing: current state of

the science. Nat Rev Genet. (2016) 17:175–88. doi: 10.1038/nrg.2015.16

30. Macaulay IC, Ponting CP, Voet T. Single-cell multiomics:

multiple measurements from single cells. Trends Genet. (2017)

33:155–68. doi: 10.1016/j.tig.2016.12.003

31. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin

AV, et al. Signatures of mutational processes in human cancer. Nature. (2013)

500:415–21. doi: 10.1038/nature12477

32. Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD, Raine

K, et al. Mutational processes molding the genomes of 21 breast cancers. Cell.

(2012) 149:979–93. doi: 10.1016/j.cell.2012.04.024

33. Chin L, Hahn WC, Getz G, Meyerson M. Making sense of cancer genomic

data. Genes Dev. (2011) 25:534–55. doi: 10.1101/gad.2017311

34. Bolli N, Avet-Loiseau H,Wedge DC, Van Loo P, Alexandrov LB,Martincorena

I, et al. Heterogeneity of genomic evolution and mutational profiles in

multiple myeloma. Nat Commun. (2014) 5:2997. doi: 10.1038/ncomm

s3997

35. Ding L, Ellis MJ, Li S, Larson DE, Chen K, Wallis JW, et al. Genome

remodelling in a basal-like breast cancer metastasis and xenograft. Nature.

(2010) 464:999–1005. doi: 10.1038/nature08989

36. Loeb LA, Bielas JH, Beckman RA, Bodmer IW. Cancers exhibit a

mutator phenotype: clinical implications. Cancer Res. (2008) 68:3551–

7. doi: 10.1158/0008-5472.CAN-07-5835

37. Drake JW, Bebenek A, Kissling GE, Peddada S. Clusters of mutations

from transient hypermutability. Proc Natl Acad Sci USA. (2005) 102:12849–

54. doi: 10.1073/pnas.0503009102

38. Chen JM, Férec C, Cooper DN. Transient hypermutability,

chromothripsis and replication-based mechanisms in the generation

of concurrent clustered mutations. Mutat Res Rev Mutat Res. (2012)

750:52–59. doi: 10.1016/j.mrrev.2011.10.002

39. Wang J, Gonzalez KD, Scaringe WA, Tsai K, Liu N, Gu D, et al.

Evidence for mutation showers. Proc Natl Acad Sci USA. (2007) 104:8403–

8. doi: 10.1073/pnas.0610902104

40. Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras M-C, et al.

Genomic analyses identify molecular subtypes of pancreatic cancer. Nature.

(2016) 531:47–52. doi: 10.1038/nature16965

41. Rohrback S, Siddoway B, Liu CS, Chun J. Genomic mosaicism

in the developing and adult brain. Dev Neurobiol. (2018)

78:1026–48. doi: 10.1002/dneu.22626

42. Eriksson PS, Perfilieva E, Björk-Eriksson T, Alborn AM,Nordborg C, Peterson

DA, et al. Neurogenesis in the adult human hippocampus. Nat Med. (1998)

4:1313–17. doi: 10.1038/3305

43. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT, et al. L1

retrotransposition in human neural progenitor cells.Nature. (2009) 460:1127–

31. doi: 10.1038/nature08248

44. Muotri AR, Chu VT, Marchetto MCN, DengW, Moran JV, Gage FH. Somatic

mosaicism in neuronal precursor cells mediated by L1 retrotransposition.

Nature. (2005) 435:903–10. doi: 10.1038/nature03663

45. Doyle GA, Crist RC, Karatas ET, Hammond MJ, Ewing AD, Ferraro TN,

et al. Analysis of LINE-1 elements in DNA from postmortem brains of

individuals with schizophrenia. Neuropsychopharmacology. (2017) 42:2602–

11. doi: 10.1038/npp.2017.115

46. MacIa A, Widmann TJ, Heras SR, Ayllon V, Sanchez L, Benkaddour-

Boumzaouad M, et al. Engineered LINE-1 retrotransposition in nondividing

human neurons. Genome Res. (2017) 27:335–48. doi: 10.1101/gr.206805.116

47. van den Hurk JAJM, Meij IC, del Carmen Seleme M, Kano H,

Nikopoulos K, Hoefsloot LH, et al. L1 retrotransposition can occur early

in human embryonic development. Hum Mol Genet. (2007) 16:1587–

92. doi: 10.1093/hmg/ddm108

48. Richardson SR, Gerdes P, Gerhardt DJ, Sanchez-Luque FJ, Bodea GO,

Muñoz-Lopez M, et al. Heritable L1 retrotransposition in the mouse

primordial germline and early embryo. Genome Res. (2017) 27:1395–

405. doi: 10.1101/gr.219022.116

49. Jacob-Hirsch J, Eyal E, Knisbacher BA, Roth J, Cesarkas K, Dor

C, et al. Whole-genome sequencing reveals principles of brain

retrotransposition in neurodevelopmental disorders. Cell Res. (2018)

28:187–203. doi: 10.1038/cr.2018.8

50. Baillie JK, Barnett MW, Upton KR, Gerhardt DJ, Richmond TA, De Sapio F,

et al. Somatic retrotransposition alters the genetic landscape of the human

brain. Nature. (2011) 479:534–7. doi: 10.1038/nature10531

51. Singer T, Mcconnell MJ, Marchetto MCN, Coufal NG, Gage FH. LINE-

1 retrotransposons: mediators of somatic variation in neuronal genomes?

Trends Neurosci. (2011) 33:345–54. doi: 10.1016/j.tins.2010.04.001

52. Harbom LJ, Chronister WD, McConnell MJ. Single neuron transcriptome

analysis can reveal more than cell type classification. BioEssays. (2016) 38:157–

61. doi: 10.1002/bies.201500097

53. Hiesinger PR, Hassan BA. The evolution of variability and

robustness in neural development. Trends Neurosci. (2018)

41:577–86. doi: 10.1016/j.tins.2018.05.007

54. Rehen SK. Constitutional aneuploidy in the normal human brain. J Neurosci.

(2005) 25:2176–80. doi: 10.1523/JNEUROSCI.4560-04.2005

55. Evrony GD, Cai X, Lee E, Hills LB, Elhosary PC, Lehmann HS, et al. Single-

neuron sequencing analysis of l1 retrotransposition and somatic mutation in

the human brain. Cell. (2012) 151:483–96. doi: 10.1016/j.cell.2012.09.035

56. Curran T. Deconstructing the mosaic brain. The Scientist. (2011)

Available online at: https://www.the-scientist.com/thought-experiment/

deconstructing-the-mosaic-brain-42134

57. Frank SA. Somatic mosaicism and disease. Curr Biol. (2014) 24:R577–

81. doi: 10.1016/j.cub.2014.05.021

58. Nicolas G, Veltman JA. The role of de novo mutations in adult-

onset neurodegenerative disorders. Acta Neuropathol. (2019) 137:183–

207. doi: 10.1007/s00401-018-1939-3

Frontiers in Psychiatry | www.frontiersin.org 10 October 2020 | Volume 11 | Article 58716245

https://doi.org/10.1016/j.tig.2011.03.002
https://doi.org/10.1159/000150891
https://doi.org/10.1038/nrg3424
https://doi.org/10.1038/s41380-018-0129-y
https://doi.org/10.1101/221960
https://doi.org/10.1126/science.aab1785
https://doi.org/10.1007/s00401-018-1850-y
https://doi.org/10.1038/nrg3098
https://doi.org/10.1186/1745-6150-8-24
https://doi.org/10.1016/S0092-8674(02)00706-7
https://doi.org/10.1007/s002390010235
https://doi.org/10.1038/ng.3292
https://doi.org/10.3389/fimmu.2013.00042
https://doi.org/10.1186/s12915-016-0314-x
https://doi.org/10.1016/j.cell.2017.09.048
https://doi.org/10.1186/s13059-016-1110-1
https://doi.org/10.1038/nrg.2015.16
https://doi.org/10.1016/j.tig.2016.12.003
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/j.cell.2012.04.024
https://doi.org/10.1101/gad.2017311
https://doi.org/10.1038/ncomms3997
https://doi.org/10.1038/nature08989
https://doi.org/10.1158/0008-5472.CAN-07-5835
https://doi.org/10.1073/pnas.0503009102
https://doi.org/10.1016/j.mrrev.2011.10.002
https://doi.org/10.1073/pnas.0610902104
https://doi.org/10.1038/nature16965
https://doi.org/10.1002/dneu.22626
https://doi.org/10.1038/3305
https://doi.org/10.1038/nature08248
https://doi.org/10.1038/nature03663
https://doi.org/10.1038/npp.2017.115
https://doi.org/10.1101/gr.206805.116
https://doi.org/10.1093/hmg/ddm108
https://doi.org/10.1101/gr.219022.116
https://doi.org/10.1038/cr.2018.8
https://doi.org/10.1038/nature10531
https://doi.org/10.1016/j.tins.2010.04.001
https://doi.org/10.1002/bies.201500097
https://doi.org/10.1016/j.tins.2018.05.007
https://doi.org/10.1523/JNEUROSCI.4560-04.2005
https://doi.org/10.1016/j.cell.2012.09.035
https://www.the-scientist.com/thought-experiment/deconstructing-the-mosaic-brain-42134
https://www.the-scientist.com/thought-experiment/deconstructing-the-mosaic-brain-42134
https://doi.org/10.1016/j.cub.2014.05.021
https://doi.org/10.1007/s00401-018-1939-3
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Singh et al. Postzygotic Somatic Mutations in Disease

59. Veltman JA, Brunner HG. De novo mutations in human genetic disease. Nat

Rev Genet. (2012) 13:565–75. doi: 10.1038/nrg3241

60. Pujana MA, Han J-DJ, Starita LM, Stevens KN, Tewari M, Ahn JS,

et al. Network modeling links breast cancer susceptibility and centrosome

dysfunction. Nat Genet. (2007) 39:1338–49. doi: 10.1038/ng.2007.2

61. Wang W, Corominas R, Lin GN. De novo mutations from whole exome

sequencing in neurodevelopmental and psychiatric disorders: from discovery

to application. Front Genet. (2019) 10:258. doi: 10.3389/fgene.2019.00258

62. Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al.

The contribution of de novo coding mutations to autism spectrum disorder.

Nature. (2014) 515:216–21. doi: 10.1038/nature13908

63. Singh SM, Castellani CA, O’Reilly RL. Copy number variation showers

in schizophrenia: an emerging hypothesis. Mol Psychiatry. (2009) 14:356–

8. doi: 10.1038/mp.2008.149

64. Rees E, Kirov G, O’Donovan MC, Owen MJ. De novo mutation in

schizophrenia. Schizophr Bull. (2012) 38:377–81. doi: 10.1093/schbul/sbs047

65. McCarthy SE, Gillis J, Kramer M, Lihm J, Yoon S, Berstein Y, et al. De novo

mutations in schizophrenia implicate chromatin remodeling and support a

genetic overlap with autism and intellectual disability. Mol Psychiatry. (2014)

19:652–8. doi: 10.1038/mp.2014.29

66. Xu B, Roos JL, Levy S, van Rensburg EJ, Gogos JA, Karayiorgou M. Strong

association of de novo copy number mutations with sporadic schizophrenia.

Nat Genet. (2008) 40:880–5. doi: 10.1038/ng.162

67. Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a complex trait. Arch

Gen Psychiatry. (2003) 60:1187–92. doi: 10.1001/archpsyc.60.12.1187

68. Stefansson H, Meyer-Lindenberg A, Steinberg S, Magnusdottir B, Morgen K,

Arnarsdottir S, et al. CNVs conferring risk of autism or schizophrenia affect

cognition in controls. Nature. (2014) 505:361–6. doi: 10.1038/nature12818

69. Pardiñas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S, Carrera

N, et al. Common schizophrenia alleles are enriched in mutation-intolerant

genes and in regions under strong background selection. Nat Genet. (2018)

50:381–9. doi: 10.1038/s41588-018-0059-2

70. Kelly J, Murray RM. What risk factors tell us about the causes of

schizophrenia and related psychoses. Curr Psychiatry Rep. (2000) 2:378–

85. doi: 10.1007/s11920-000-0019-1

71. McGue M, Gottesman II, Rao DC. The transmission of schizophrenia under a

multifactorial threshold model. Am J Hum Genet. (1983) 35:1161–78.

72. Fullard JF, Charney AW, Voloudakis G, Uzilov AV, Haroutunian V, Roussos P.

Assessment of somatic single-nucleotide variation in brain tissue of cases with

schizophrenia. Transl Psychiatry. (2019) 9:21. doi: 10.1038/s41398-018-0342-0

73. Sakai M, Watanabe Y, Someya T, Araki K, Shibuya M, Niizato K, et al.

Assessment of copy number variations in the brain genome of schizophrenia

patients.Mol Cytogenet. (2015) 8:46. doi: 10.1186/s13039-015-0144-5

74. Maiti S, Kumar KHBG, Castellani CA, O’Reilly R, Singh SM. Ontogenetic

de novo copy number variations (CNVs) as a source of genetic individuality:

studies on two families with MZD twins for schizophrenia. PLoS ONE. (2011)

6:e17125. doi: 10.1371/journal.pone.0017125

75. Marshall CR, Howrigan DP, Merico D, Thiruvahindrapuram B, Wu W,

Greer DS, et al. Contribution of copy number variants to schizophrenia

from a genome-wide study of 41,321 subjects. Nat Genet. (2016) 49:27–

35. doi: 10.1038/ng1017-1558d

76. Glessner JT, Reilly MP, Kim CE, Takahashi N, Albano A, Hou C, et al. Strong

synaptic transmission impact by copy number variations in schizophrenia.

Proc Natl Acad Sci USA. (2010) 107:10584–9. doi: 10.1073/pnas.1000274107

77. Ripke S, O’Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S,

et al. Genome-wide association analysis identifies 13 new risk loci for

schizophrenia. Nat Genet. (2013) 45:1150–59. doi: 10.1038/ng.2742

78. Yurov YB, Iourov IY, Vorsanova SG, Demidova IA, Kravetz

VS, Beresheva AK, et al. The schizophrenia brain exhibits low-

level aneuploidy involving chromosome 1. Schizophr Res. (2008)

98:139–47. doi: 10.1016/j.schres.2007.07.035

79. Jiang YH, Bressler J, Beaudet AL. Epigenetics and human

disease. Annu Rev Genomics Hum Genet. (2004) 5:479–

510. doi: 10.1146/annurev.genom.5.061903.180014

80. Hurst TP, Magiorkinis G. Epigenetic control of human endogenous retrovirus

expression: focus on regulation of long-terminal repeats (LTRs). Viruses.

(2017) 9:1–13. doi: 10.3390/v9060130

81. Deb-Rinker P, Klempan T, O’Reilly RL, Torrey EF, Singh SM. Molecular

characterization of a MSRV-like sequence identified by RDA from

monozygotic twin pairs discordant for schizophrenia. Genomics. (1999)

61:133–44. doi: 10.1006/geno.1999.5946

82. Bundo M, Toyoshima M, Okada Y, Akamatsu W, Ueda J, Nemoto-

Miyauchi T, et al. Increased L1 retrotransposition in the neuronal genome

in schizophrenia. Neuron. (2014) 81:306–13. doi: 10.1016/j.neuron.2013.

10.053

83. Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, et al.

Schizophrenia risk from complex variation of complement component 4.

Nature. (2016) 530:177–83. doi: 10.1038/nature16549

84. Haegert DG. Analysis of the threshold liability model provides new

understanding of causation in autoimmune diseases. Med Hypotheses. (2004)

63:257–61. doi: 10.1016/j.mehy.2004.02.015

85. Wandstrat A, Wakeland E. The genetics of complex autoimmune

diseases: non-MHC susceptibility genes. Nat Immunol. (2001)

2:802–9. doi: 10.1038/ni0901-802

86. Fischer M. Psychoses in the offspring of schizophrenic monozygotic

twins and their normal co-twins. Br J Psychiatry. (1971)

118:43–52. doi: 10.1192/bjp.118.542.43

87. Gottesman II, Bertelsen A. Confirming unexpressed genotypes

for schizophrenia. Arch Gen Psychiatry. (1989) 46:867–

72. doi: 10.1001/archpsyc.1989.01810100009002

88. Castellani CAA, Melka MGG, Gui JLL, O’Reilly RLL, Singh SMM.

Integration of DNA sequence and DNA methylation changes in monozygotic

twin pairs discordant for schizophrenia. Schizophr Res. (2015) 169:433–

40. doi: 10.1016/j.schres.2015.09.021

89. Castellani CA, Melka MG, Gui JL, Gallo AJ, O’Reilly RL, Singh SM. Post-

zygotic genomic changes in glutamate and dopamine pathway genes may

explain discordance of monozygotic twins for schizophrenia.Clin Transl Med.

(2017) 6:43. doi: 10.1186/s40169-017-0174-1

90. D’Gama AM, Walsh CA. Somatic mosaicism and neurodevelopmental

disease. Nat Neurosci. (2018) 21:1504–14. doi: 10.1038/s41593-018-0257-3

91. Samocha KE, Robinson EB, Sanders SJ, Stevens C, Sabo A, McGrath LM, et al.

A framework for the interpretation of de novomutation in human disease.Nat

Genet. (2014) 46:944–50. doi: 10.1038/ng.3050

92. Tang J, Fan Y, Li H, Xiang Q, Zhang DF, Li Z, et al. Whole-genome

sequencing of monozygotic twins discordant for schizophrenia indicates

multiple genetic risk factors for schizophrenia. J Genet Genomics. (2017)

44:295–306. doi: 10.1016/j.jgg.2017.05.005

93. McConnell MJ, Moran JV, Abyzov A, Akbarian S, Bae T, Cortes-Ciriano

I, et al. Intersection of diverse neuronal genomes and neuropsychiatric

disease: the brain somatic mosaicism network. Science. (2017)

356:eaal1641. doi: 10.1126/science.aal1641

94. Macosko EZ, Basu A, Satija R, Nemesh J, Goldman M, Tirosh I, et al. HHS

public access. Cell. (2016) 161:1202–14. doi: 10.1016/j.cell.2015.05.002

95. Shekhar K, Lapan SW, Whitney IE, Tran NM, Evan Z, Kowalczyk

M, et al. Neurons by single-cell transcriptomics. Cell. (2017) 166:1308–

23. doi: 10.1016/j.cell.2016.07.054

96. Fletcher RB, Das D, Gadye L, Street KN, Baudhuin A, Wagner A, et al.

Deconstructing olfactory stem cell trajectories at single-cell resolution. Cell

Stem Cell. (2017) 20:817–30.e8. doi: 10.1016/j.stem.2017.04.003

97. Yim YY, Teague CD, Nestler EJ. In vivo locus-specific editing

of the neuroepigenome. Nat Rev Neurosci. (2020) 21:471–

84. doi: 10.1038/s41583-020-0334-y

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Singh, Castellani and Hill. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 11 October 2020 | Volume 11 | Article 58716246

https://doi.org/10.1038/nrg3241
https://doi.org/10.1038/ng.2007.2
https://doi.org/10.3389/fgene.2019.00258
https://doi.org/10.1038/nature13908
https://doi.org/10.1038/mp.2008.149
https://doi.org/10.1093/schbul/sbs047
https://doi.org/10.1038/mp.2014.29
https://doi.org/10.1038/ng.162
https://doi.org/10.1001/archpsyc.60.12.1187
https://doi.org/10.1038/nature12818
https://doi.org/10.1038/s41588-018-0059-2
https://doi.org/10.1007/s11920-000-0019-1
https://doi.org/10.1038/s41398-018-0342-0
https://doi.org/10.1186/s13039-015-0144-5
https://doi.org/10.1371/journal.pone.0017125
https://doi.org/10.1038/ng1017-1558d
https://doi.org/10.1073/pnas.1000274107
https://doi.org/10.1038/ng.2742
https://doi.org/10.1016/j.schres.2007.07.035
https://doi.org/10.1146/annurev.genom.5.061903.180014
https://doi.org/10.3390/v9060130
https://doi.org/10.1006/geno.1999.5946
https://doi.org/10.1016/j.neuron.2013.10.053
https://doi.org/10.1038/nature16549
https://doi.org/10.1016/j.mehy.2004.02.015
https://doi.org/10.1038/ni0901-802
https://doi.org/10.1192/bjp.118.542.43
https://doi.org/10.1001/archpsyc.1989.01810100009002
https://doi.org/10.1016/j.schres.2015.09.021
https://doi.org/10.1186/s40169-017-0174-1
https://doi.org/10.1038/s41593-018-0257-3
https://doi.org/10.1038/ng.3050
https://doi.org/10.1016/j.jgg.2017.05.005
https://doi.org/10.1126/science.aal1641
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1016/j.stem.2017.04.003
https://doi.org/10.1038/s41583-020-0334-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


GENERAL COMMENTARY
published: 06 August 2021

doi: 10.3389/fpsyt.2021.653624

Frontiers in Psychiatry | www.frontiersin.org 1 August 2021 | Volume 12 | Article 653624

Edited by:

Patrick E. Williams,

University of Kansas, United States

Reviewed by:

Jurjen Luykx,

University Medical Center

Utrecht, Netherlands

*Correspondence:

Peter S. Spencer

spencer@ohsu.edu

Specialty section:

This article was submitted to

Behavioral and Psychiatric Genetics,

a section of the journal

Frontiers in Psychiatry

Received: 14 January 2021

Accepted: 14 July 2021

Published: 06 August 2021

Citation:

Spencer PS and Kisby GE (2021)

Commentary on Singh et al. (2020)

Postzygotic Somatic Mutations in the

Human Brain Expand the

Threshold-Liability Model of

Schizophrenia.

Front. Psychiatry 12:653624.

doi: 10.3389/fpsyt.2021.653624

Commentary on Singh et al. (2020)
Postzygotic Somatic Mutations in the
Human Brain Expand the
Threshold-Liability Model of
Schizophrenia

Peter S. Spencer 1* and Glen E. Kisby 2

1Department of Neurology, School of Medicine, and Oregon Institute of Occupational Health Sciences, Oregon Health &

Science University, Portland, OR, United States, 2Department of Basic Medical Sciences, College of Osteopathic Medicine of

the Pacific Northwest, Western University of Health Sciences, Lebanon, OR, United States

Keywords: schizophrenia, amyotrophic lateral sclerosis, environmental somatic mutagen, brain DNA damage,

methylazoxymethanol

A Commentary on

Postzygotic Somatic Mutations in the Human Brain Expand the Threshold-Liability Model

of Schizophrenia

by Singh, S. M., Castellani, C. A., and Hill, K. A. (2020). Front. Psychiatry 11:587162.
doi: 10.3389/fpsyt.2020.587162

INTRODUCTION

Singh and colleagues note that the mammalian brain has a high degree of mosaicism likely caused
by postzygotic genetic and epigenetic alterations that may contribute to most multifactorial and
complex neurological disorders, for which the authors use schizophrenia to exemplify. They suggest
that schizophrenia arises from a sufficient level of inherited, or inherited plus acquired, brain
somatic mutations and/or epimutations, a model with particular relevance they suggest to disorders
with neurodegeneration and neurodevelopmental manifestation. We wish to extend this model by
noting that acquired somatic mutations/epimutations in the absence of any inherited predisposition
may be sufficient to trigger a neurodegenerative disorder with neurodevelopmental manifestations
and links to schizophrenia. Additionally, in accord with the authors’ analysis, we note the
importance of environmental mutagens as potential triggers of somaticmutation/epimutations that
result not only in cancer but also neurodegenerative disease.

MOTOR SYSTEM DEGENERATION

The neurodegenerative disease of interest here is theWestern Pacific Amyotrophic Lateral Sclerosis
and Parkinsonism-Dementia Complex (ALS/PDC), which is known principally in residents of and
migrants to and from the former disease hot spots of Guam Island (among Chamorros) and Kii
Peninsula, Honshu Island (among Japanese) (1). Once thought to have a genetic origin, later a
changing environmental component that explained its decline, and subsequently, with the absence
of a characteristic genotype and disappearance of the disease on Guam, considered to have a
prominent if not exclusive exogenous etiology. Evidence points to the traditional use of cycad seed
for food and/or medicine, practices that disappeared in concert with post-WW II modernization.
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On Guam, cycad seed, and the food derived therefrom, contain
methylazoxymethanol (MAM) β-D-glucoside (cycasin) and β-N-
methylamino-L-alanine (L-BMAA), an uncommon amino acid
(2). These substances are both metabolized to the mutagen
formaldehyde (1), which from endogenous sources and/or from
exogenous exposure is linked to both brain cancer and sporadic
ALS (3). Accordingly, MAM, the active form of the major cycad
toxin, is a genotoxic agent with both carcinogenic and neurotoxic
properties (1). There is a strongly significant correlation between
the concentration of cycasin (but not L-BMAA) in cycad
flour prepared Chamorro-style and the incidence of ALS and
P-D among males and females on Guam (4). Additionally,
MAM disrupts retinal and cerebellar development, which
respectively anticipate and attend the adult onset of ALS/PDC
(5). Most significantly, for present purposes, MAM is widely
used experimentally to produce a rodent model of schizophrenia.
In female rats, the administration of MAM on gestational
day 17 disrupts brain development leading to histological,
neurophysiological and behavioral deficits analogous to those
of schizophrenia (6, 7). How closely the rodent MAM model
reproduces the neuropathological and behavioral features of
schizophrenia is unknown.

SCHIZOPHRENIA AND ALS

While rare cases have linked schizophrenia and Western Pacific
ALS/PDC (8, 9), there is growing clinical, epidemiological
and biological evidence of an association between ALS and
psychotic illness (10), particularly schizophrenia (11). Westphal
(12) observed that the paranoid and manic-depressive states
of schizophrenia were associated with ALS but considered the
neuropsychological and motor system disorders to be unrelated.
Wechsler and Davison (13) reported that mental symptoms
were due to cortical degenerative changes associated with ALS.
Turner and colleagues (14) found that schizophrenia may
represent a risk factor for ALS (OR 5.0). Howland (15) noted
several cases in which schizophrenia occurred in ALS patients.
Register-based nationwide studies show a higher occurrence of
schizophrenia up to 1–5 years before and 2–5 years after ALS
diagnosis (16). The coexistence of ALS and schizophrenia has
been interpreted as indicative of a shared polygenic basis (11),
and GWAS studies support a genetic correlation between the
two conditions (11, 17). Neuropsychiatric symptoms other than
schizophrenia, including obsessive-compulsive disorder, autism,
and alcoholism, occur more frequently in first- or second-
degree relatives of ALS patients with and without C9orf72
expanded repeats (18, 19). Disturbances in motor neuron
function have been demonstrated in schizophrenia (20–22).

MOLECULAR MECHANISMS

We have discussed elsewhere evidence that MAM experimentally
induces early epigenetic changes that coincide with DNA damage

and cell-cycle reactivation, evidence for which is seen in the
ALS/PDC brain (23–25).MAMdisrupts the cell cycle presumably
by inducing DNA damage via methylation of guanine (i.e.,
N7 methyl and/or O6-methyl adducts) that inhibits DNA
replication during S phase (26) and disrupts neuroepithelial
cells undergoing their final mitosis (27). Some of the early
changes induced by MAM in somatic cells include nucleoprotein
structural alterations, mitotic abnormalities, and induction of
polyploidy (28) as well as retinoblastoma (Rb) gene mutations,
which lead to the development of intraocular neoplasms (29,
30). Expression of the retinoblastoma gene is also altered
in the prefrontal cortex of rats treated developmentally with
MAM (31) and in human neuroprogenitor cells (hNPCs)
24 h after acute treatment with the genotoxin (32). L-BMAA
also induces cell-cycle dysregulation in embryonic rat striatal
neurons (1, 33).

DISCUSSION

Whether MAM-induced DNA damage and/or epigenetic
changes are the initial event(s) that trigger the cell-cycle
changes is presently unknown, but it is clear that this
genotoxin induces somatic cell changes that are linked with
both experimental schizophrenia and neurodegeneration in
the form of Western Pacific ALS/PDC. Given the absence of
any known genetic susceptibility factor for this prototypical
neurodegenerative disease—one that often has subclinical
evidence of developmental cerebellar and retinal dysplasia (5)—
it is reasonable to propose that exposure to an environmental
mutagen/epimutagen alone (notably MAM) is sufficient
to trigger the disorders. Given this conclusion, we extend
the model proposed by Singh and colleagues to include
environmentally acquired somatic mutations/epimutations
as sufficient to trigger a neurodegenerative disorder with
neurodevelopmental manifestations and links to schizophrenia.
The corollary emphasizes the need to search for early-
life exposure to environmental mutagens/epimutagens
in related spontaneous neurodegenerative disorders,
including ALS, atypical Parkinson syndromes such as
Progressive Supranuclear Palsy, and Alzheimer disease (34).
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Genomic Variation, Evolvability, and
the Paradox of Mental Illness

Camillo Thomas Gualtieri*
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Twentieth-century genetics was hard put to explain the irregular behavior of

neuropsychiatric disorders. Autism and schizophrenia defy a principle of natural selection;

they are highly heritable but associated with low reproductive success. Nevertheless,

they persist. The genetic origins of such conditions are confounded by the problem

of variable expression, that is, when a given genetic aberration can lead to any one

of several distinct disorders. Also, autism and schizophrenia occur on a spectrum of

severity, from mild and subclinical cases to the overt and disabling. Such irregularities

reflect the problem of missing heritability; although hundreds of genes may be associated

with autism or schizophrenia, together they account for only a small proportion of

cases. Techniques for higher resolution, genomewide analysis have begun to illuminate

the irregular and unpredictable behavior of the human genome. Thus, the origins of

neuropsychiatric disorders in particular and complex disease in general have been

illuminated. The human genome is characterized by a high degree of structural and

behavioral variability: DNA content variation, epistasis, stochasticity in gene expression,

and epigenetic changes. These elements have grown more complex as evolution scaled

the phylogenetic tree. They are especially pertinent to brain development and function.

Genomic variability is a window on the origins of complex disease, neuropsychiatric

disorders, and neurodevelopmental disorders in particular. Genomic variability, as it

happens, is also the fuel of evolvability. The genomic events that presided over the

evolution of the primate and hominid lineages are over-represented in patients with

autism and schizophrenia, as well as intellectual disability and epilepsy. That the special

qualities of the human genome that drove evolution might, in some way, contribute to

neuropsychiatric disorders is a matter of no little interest.

Keywords: autism, schizophrenia, genomic variability, evolvability, missing heritability, copy number variation,

neural Darwinism

EVOLVABILITY AND THE PARADOX OF MENTAL ILLNESS

There remains a gaping hole in Darwinian psychiatry’s account of mental disorders: there are no good

explanations of why human brains seem to malfunction so often, and why these malfunctions are both

heritable and disastrous to survival and reproduction. That is, there is still no good answer for why such

susceptibility alleles have persisted despite thousands of generations of natural selection for adaptive

human behavior (1).

Nothing in biology makes sense except in the light of evolution (2) but, in light of evolution,
mental illness does not make sense. Consider autism and schizophrenia. They begin early in
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life and are disabling during the reproductive years. In the
language of natural selection, they compromise reproductive
fitness. They are associated with decreased fertility, yet
their prevalence is undiminished. The heritability of autism
and schizophrenia is high (3–6), yet both are characterized
by severe social impairment and are associated with low
reproductive success.

The persistence of such disorders from one generation to the
next is only one of several instances where mental illness is a
challenge to Darwinian principles. For example, the problem of
missing heritability (7). Autism and schizophrenia are thought to
be the consequence of multiple genes of small effect; yet genome-
wide association studies association studies have identified
hundreds of such genes, and together they account for only a
small proportion of cases (6, 8). The contribution of individual
genetic variants and their cumulative action to mental disorders
is disconcertingly small, usually <10% (9).

Another problem is variable expression, that is, the same
genetic variant with various phenotypic expressions. The
same genetic aberration may be associated with autism
or schizophrenia or intellectual disability or epilepsy, or
other neuropsychiatric disorders or combinations thereof (10).
Variable expression is illustrated by the fact that mental disorders
do not “breed true” but occur in different forms in family
members (11–13).

Even within defined diagnostic boundaries, patients differ
in virtually every salient characteristic, including symptoms,
intellectual and functional abilities, neurocognitive strengths
and weaknesses, neuropathological correlates, prognosis, and
response to treatment. This observation has led to the idea of
taxonomic “spectra,” e.g., the autism spectrum, the schizophrenia
spectrum, the spectrum of mood disorders, etc. Implicit to the
idea is that within every diagnostic category, mental disorders
show a continuum of severity, from mild and subclinical cases
to the overt and disabling. Most mental disorders occur in pure
form in small numbers of individuals and in partial or subclinical
forms in a great many more. One presumes a dosage effect, but a
dose of what? (14–17).

New developments in genomic medicine have begun to
illuminate the irregular behavior of complex diseases in general
and mental disorders in particular. They are particularly salient
to the neurodevelopmental disorders (NDD) and the focus here
is on autism, a prototypical NDD, and schizophrenia which is
increasingly recognized as such (18–21). NDD are conditions
that originate during gametogenesis/embryogenesis and affect
neural development (22). As a family, NDD are diverse in
their clinical characteristics and prone to high rates of co-
occurrence with other NDD. They are highly heritable but, in
most instances, studies have only discovered multiple genes that
are probabilistic in their association. Many if not most NDDs
arise from structural changes to DNA; e.g., aneuploidy (Down
syndrome), simple sequence repeats (Fragile X syndrome), and
copy number variants (intellectual disability, epilepsy, autism and
schizophrenia, and other mental disorders).

Structural variation, however, is only one chapter in an
evolving story. It is just one of many irregularities that
characterize the human genome, which we are learning to be

uniquely dynamic andmutable. Techniques for higher resolution
genomewide analysis highlight the irregular and unpredictable
behavior of the genome, endowed as it is with a high degree
of variability. It has served the hominid lineage for better and
worse. Genomic variability accounts for no small proportion of
the missing heritability of complex diseases (7, 23). It has also
presided over the runaway evolution of our lineage over the past
twomillion years, and especially the past hundred-thousand. The
complex and adaptable human brain reflects a genome that is
uniquely mutable and responsive to challenging environments.

The relevant principle is evolvability, a species trait that
describes the capacity to generate heritable variations (24). The
essence of evolvability is inter-generational and inter-individual
variability. Phenotypic variation drives natural selection, but
variation ultimately derives from the variability of individual
genotypes; evolvability describes a genome that can generate
a spectrum of phenotypes ranging from major evolutionary
innovations to small changes between generations (25, 26). A
dynamic, mutable genome is also unstable; it is responsive to life
events, especially early ones, and vulnerable to insults of various
kind throughout life (24, 27).

Perhaps mental disorders do not make sense in light of
traditional genetics, but they make good sense in terms of
evolvability. Variability is a highly evolved characteristic of the
human genome. It rendered the hominid lineage especially
evolvable, and humans uniquely adaptable. A dynamic genome
is evolvable because it can generate a wide range of phenotypic
variations in a comparatively short period of time. It is able
to change not only at random but also in response to local
exigencies. It has more tools in its kit than random point
mutations; if mutational events that directly affected protein-
coding sequences were the only available molecular mechanism
to generate new variants, adaptive evolution would be ponderous
and slow (25, 28). Primates would still be waiting in the trees for
successive mutations to occur. Point mutations are insufficient
for explaining the runaway evolution of the hominid brain. They
can’t explain why humans are so different from chimpanzees,
why selection might favor genes for post-reproductive longevity,
how signal human traits evolved as quickly as they have and how
the extraordinary diversity of the human condition can arise from
fewer than 25,000 protein-coding genes.

In the special case of hominid evolution, evolvability has
been both an independent and a dependent variable. It is
a general characteristic that promotes variation, but in our
lineage it has been trait under positive selection (29). To
support the trait of adaptability, hominids’ special traits were
agents of persistent and ongoing selective pressure. Social
cooperation, abstract intelligence, language, speech and tool-
making, and post-reproductive longevity rendered hominids
uniquely adaptable. At the same time, they also generated
selection pressures in favor of those very traits. Brain evolution,
therefore, made hominids adaptable and also positively selected
the trait of evolvability. The virtuous circle has been described as
runaway evolution (30).

That the special qualities of the human genome that drove our
evolution might, in some way, contribute to complex diseases,
NDDs and mental disorders is a matter of no little interest.
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Origin Stories
The problem of High Heritability and Low Reproductive Success
(HHLRS) is paradigmatic. It has been addressed many times
and from different perspectives, especially with respect to
schizophrenia, a condition that occurs with the same frequency
in all the nations and, as far as we know, always has. The
quality of our understanding has steadily progressed, beginning
with explanations that posited adaptation, thence to those that
emphasize adaptability; beginning with evolution as an origin
story and later concerned with evolvability as the consequence
of a mutable and dynamic genome.

“Adaptationist” theories suggest that a trait embedded in
the schizophrenic genome generates phenotypic variations that
are advantageous to individuals who do not express the full
phenotype. Perhaps the unique characteristics of psychotic
individuals were more valued in ancestral times. Psychotic
individuals may have been charismatic leaders or shamans (31).
Their lower threshold for threat perception may have been useful
in times when life was nasty and brutish (32)—Just because you’re
paranoid doesn’t mean they aren’t after you1. The relatives of
schizophrenic individuals may be more resistant to disease (33,
34). An idea still current is that mental disorders are associated
with creativity (35)—The romantic view is that illness exacerbates
consciousness. Once that illness was TB; now it is insanity2. It was
supported by a recent Swedish study that reported individuals
with bipolar disorder and the healthy siblings of people with
schizophrenia were overrepresented in the creative professions
(36) and an Icelandic study that found the same association based
on polygenic risk scores (37).

In a similar vein, the occurrence of autistic styles of thinking
in the first degree relatives of autistic individuals suggests
traits like hyper-systematizing, preference for visuo-spatial
relationships and detail-focused processing are adaptive, not only
for individuals, but as we learned from the accomplishments
of scientists and mathematicians with autistic traits, for the
distributed intelligence of society. If autism were a single-gene
disorder, it would suggest heterozygote advantage. If autism were
a polygenic disorder, a Gaussian model might be relevant, with
traits for autistic thinking normally distributed in the population,
at the tail end of the curve “hyper-systematizers” would cluster,
and beyond a certain threshold reside autism (38, 39).

Adaptationist theories propose that susceptibility alleles are
maintained by antagonistic pleiotropy or balancing selection.
In that case, probands and/or non-affected siblings would have
higher fitness than the general population. In fact, individuals
with autism and schizophrenia have lower fertility rates, and
their siblings’ are the same or lower than the general population
(1, 40–44).

Faustian Bargains
Many theories share the metaphor of a Faustian bargain; the
human brain is complex, and complex systems are “intrinsically
and irreducibly hazardous” (45). For example:

1Joseph Heller, Catch-22.
2Sontag S. Illness as metaphor and AIDS and its metaphors. Toronto: Doubleday;

1990, page 36.

• As specialized functions evolved, biological “trial and error”
produced individuals with advanced abilities and others with
abnormalities, including schizophrenia (46).

• In the course of evolution, positive selection for cerebral
flexibility allowed language to emerge, but the “by-product”
was variation in psychological functioning, personality
disorders and schizophrenia (47).

• The human brain, with its complex and recently evolved
circuitry for social cognition, matured over a long span of time,
a span that rendered it susceptible to genetic insults. “This
susceptibility was the trade-off for the advantages gained in
social cognition” (48).

• The same key genes that have been major contributors to
the rapid evolutionary expansion of the human brain
and its exceptional cognitive capacity also, in different
combinations, are significant contributors to autism and
schizophrenia (49, 50).

“By-products” and “trade-offs” refer to antagonistic pleiotropy,
when alleles increase the evolutionary fitness payoff of one
trait while simultaneously reducing it for another. Such theories
posit that a species’ predisposition to mental disorder has a
selection advantage, albeit indirect. However, interesting, they
lack empirical support.

More recently, theories of the HHLRS problem have
implicated genomic variability. A high mutation rate
characterizes primates in general and humans in particular;
multiple, independent de novo mutations in many different
vulnerable genes and genomic regions (25, 51–60). A theory
based on polygenetic mutation-selection balance is that complex
brain functions are the work of multiple genes; the genome
already harbors a large number of mutations, and new mutations
are occurring all the time. Every generation, therefore, carries
the burden of old and new mutations, some favorable and some
not. Because the distribution of mutations is assumed to be
continuous in the population, the expression of positive and
negative phenotypes is also continuous. The distribution of
negative traits reflects the continuous nature of most (if not all)
mental disorders. The “cliff-edge” model captures the non-linear
amplification of negative traits that leads to severe and disabling
mental illness (61).

Theories derived from a high mutation rate, unlike the
others mentioned above, do not propose evolutionary trade-
offs; i.e., the cost of complexity is met by the occurrence
of neurodevelopmental disorders. The theory of polygenetic
mutation-selection balance explains how fitness-reducing genetic
variation is maintained in the population; harmful mutations are
removed from the gene pool at a rate proportional to their effect
on fitness, but “novel mutations occur all the time” (1, 53, 62–
65). Thus, the occurrence of mental disorders is inevitable, fueled

by deleterious mutations, rare at individual loci but ubiquitous in

genomes (1, 66–68).
Addressing the HHLRS problem from the perspective of

evolvability is not quite so pessimistic. Novel mutations do, in

fact, occur all the time, including rare alleles with large effect,

genomic transformations like copy number variants, mutations
in non-coding regions of the genome and epigenetic changes in
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gene expression. They may persist for only a few generations but
are continually replenished by virtue of high mutation rates (69).
Mutations, however, are not necessarily random, but appear to
occur in the human genome in accord with principles that are
only now coming into focus. The complex, evolvable genome is
prone to devastating errors but they occur in particular, knowable
ways that open possibilities for anticipation and prevention.

Genomic Variability and the Problem of

Missing Heritability
Although single-nucleotide polymorphisms (SNPs) are the most
abundant form of DNA variation in the human genome (67),
new technologies have shown that individual variation is also
the consequence of structural variants involving larger segments
of DNA (8, 70–72). Two randomly selected human genomes
differ by 0.1% when only SNPs are measured, but when structural
variants are also measured, they differ by at least 1% (73, 74).

Structural variants may be rare, compared to 37 million or so
SNPs but their large size increases the potential to affect gene
expression (4, 75). Genes containing regulatory regions, exons
and introns occupy about 5% of the genome and protein-coding
exons only about 1% (76), while structural variants comprise no
<55% of DNA (77) and perhaps as much as two-thirds (78).
Thirty per cent of the human genome are microsatellites (79)
and about a third are copy number variants (80–82). Structural
variation is more common in humans than other mammals
and occurs several times more frequently in neurons than other
cells (54–58). Evidence from a wide range of common diseases
indicates that genetic heterogeneity is a key characteristic of
the human genome and that “most genetic control is due to
rare variants” (4). The challenges that genetic analysis poses to
mental disorders are well in accord with our new and developing
appreciation of genomic behavior. Genomic variability is not
only the fuel of evolvability but a window to understanding the
origins of complex disease, mental disorders and NDDs.

THE NATURE OF GENOMIC VARIABILITY

1. Structural Variation
The hominid genome is not a static blueprint but a source
of “gene nurseries” that play a role in gene innovation and
adaptability (83). It is something that happened during the
later course of evolution. Pre-primate evolution was probably
driven by point mutations or whole-genome duplications (59,
84, 85). Ascending the phylogenetic ladder, mutations by genetic
rearrangement have been progressively more important. Almost
all of the genetic differences between humans and other primates
are a result of duplications, deletions, inversions, insertions,
and transformations (86, 87). For example, about 35 million
nucleotide substitutions distinguish humans from chimpanzees.
About half are transposable element insertions (88).

The high-resolution molecular scanning tools developed
during this century have revealed a genome that is no less
than restless. For example, aneuploidy traditionally referred to
supernumerary copies of whole chromosomes (e.g., trisomy
21, Down syndrome). In recent years, novel aneuploidy
syndromes have been identified, and the definition has been

extended to include deletions, insertions and duplications of
subchromosomal regions (89). A new term that includes classical
aneuploidy and other structural variants is DNA content
variation (DCV). Such variants are dynamic, fluid and unstable,
both through germlines and in somatic events and they are
ubiquitous in the human genome (74).

Structural variation is most likely to occur in non-
coding regions of the DNA molecule. Non-coding regions
are comparatively unstable and generate mutations and
rearrangements at a high rate (90–92). They are especially
prone to genomic rearrangements. As it happens, the human
genome contains more non-coding DNA than any other
animal or plant. Among microorganisms, <25% of DNA is
non-coding. In plants and lower animals, about 60% is non-
coding; in primates, the proportion is higher. In humans, it is
98.5% (93).

The human genome is particularly enriched in both number
and length of retrotransposons (94). The propagation of Alu
elements is coincidental with the fast evolution of segmental
duplications in the primate genome, which grew as a result of a
major burst in Alu activity 25–55 MYA; ours have continued to
expand (56, 59). Compared to chimpanzees, humans have nearly
three times as many Alu elements (88).

Copy number variants (CNVs) are duplications or deletions
that are >1,000 base pairs in length. At least half of the CNVs
thus far detected include protein-coding regions and affect the
behavior of the relevant genes. The functional impact of CNVs
extends across the full range of biology, from gene expression
to cellular phenotypes (70, 95) and to all classes of human
disease with an underlying genetic basis, whether inherited
or sporadic (74, 96). They are especially relevant to autism
and schizophrenia.

Aneuploidy Is Common in Brain
The human brain is a genetic mosaic. In the adult cerebral
cortex aneuploidy, broadly defined, is estimated to occur in no
fewer than 30–50% of neurons, many times more frequently
than in somatic cells (97). Fetal neurons develop over a
longer span of time than those of most other animals, and
undergo more cell-divisions along the way. A prolonged span of
mitotic activity, one presumes, makes such rearrangements more
likely (98).

How the brain accommodates events that are potentially
deleterious is a mystery. In spite of cellular variability and
diversity and the consequent differences in gene expression, the
functionality of the CNS is usually not compromised (99, 100).
Aneuploid cells are capable of surviving the massive cell death
that accompanies neurogenesis (101). They can differentiate
into neuronal lineages and are integrated into active neural
circuitry with the potential to influence normal brain functions
(102, 103). DCV shows regional variation within the human
brain, more in the frontal cortex and less in the cerebellum.
Neuronal DCV concentration also differs among individuals
(104). Genetically mosaic neural circuitries are part of the normal
brain organization (105, 106) and reflect the structural and
functional mosaicism of brain itself, its neuronal diversity and
expansive range of behavior (97).
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The prevalence of neuronal aneuploidy captures two
principles that we shall rely on. One is that brain is an
evolutionary system. From this perspective, maintenance of
neutral or beneficial aneuploidies is the end-result of selective
pressures (107). Extreme forms of aneuploidy are eliminated
during fetal development by programmed cell death, while other
neurons survive and contribute to neural organization. One
assumes that the loss or gain of genetic material may render
some cells more “fit” than others, perhaps by increasing stress
resistance or enhancing functional capacity (97).

The second principle is that high mutation rates confer
adaptability. Genomic diversity prepares developing brain for the
multitude of tasks before it. A more diverse neuronal population
is better-equipped to adapt to challenging environments; a
lineage thus endowed is under positive selection for genomic
variability and evolvability.

Although mature neurons are terminally differentiated cells,
they remain capable of generating structural variants. When they
are stressed, neurons seem to be able to reactivate elements of
the replication mechanism (103). Such “cell-cycle events” may be
pathological (108); they have been observed in several human
neurodegenerative diseases, including Alzheimer’s disease and
ataxia telangiectasia. Alternatively, they may be an attempt at
neuronal self-protection. The ectopic expression of cell cycle
markers may be “a desperate attempt of a neuron under stress to
protect itself ” (109). It is not a paradox but another principle of
evolvability: mechanisms to increase robustness are also, in some
circumstances, fragile, and vulnerable to pathology.

That genetic plasticity of post-mitotic neurons is mostly
adaptive is captured by the frequency with which mobile
elements can change their position within the genome,
either by a DNA-based (transposition) or an RNA-based
(retrotransposition) mechanism. The latter is of particular
interest because it is a form of plasticity that responds to early
life experiences (110, 111).

Structural Variation in Autism and Schizophrenia
DCV contributes to phenotypic diversity, adaptability and
individual differences in brain organization. It also plays a role
in disease, albeit one that is quite variable (89, 97). A number of
recent studies have provided compelling evidence that autistic,
schizophrenic, and bipolar patients are more likely to possess
CNVs in their genome, especially deletions of genomic regions
(112, 113); no one CNV in particular, however, but rather any of
a number of rare CNVs (11, 72, 114–120).

Compared to healthy controls, individuals with schizophrenia
are three times more likely to harbor rare structural mutations.
The risk is even higher in subjects with early onset schizophrenia.
Each rare mutation disrupts a different gene or genes and the
disrupted genes are disproportionally involved with signaling
and neurodevelopment (4, 113). The burden of CNVs in
schizophrenic patients ranges is low, from 2.4 to 10% (121,
122). However, CNV analyses with better genome coverage will
probably discover many more relevant associations (123). When
microdeletions and microduplications >100 kb were identified
by microarray comparative genomic hybridization and validated

by high-resolution platforms, novel deletions and duplications
were found in 15% of individuals with schizophrenia and 20%
of young-onset cases (vs. 5% in controls) (124).

The prevalence of structural variants in autistic patients, on
the basis of less sensitive genomic scans, is usually given as
5–10% but may be as high as 28% (112, 114, 120, 122, 125).
Although the vast majority of CNVs are inherited, CNVs that
occur as de novo mutations are more commonly associated with
autism (and schizophrenia).De novoCNVs are foundwith higher
frequency among sporadic cases, whereas inherited CNVs are
more common in familial cases (121, 126–129). With better
technology, the prevalence of structural variants will likely be
higher (95, 128, 130, 131).

It probably will be but what will it mean? Structural variants,
interesting as they are, may simply join the long list of “multiple
genes of small effect” and the even longer list of epigenetic and
non-genetic factors associated with autism and schizophrenia,
with no one making more than a small contribution (132). Many
CNVs are functionally neutral; healthy individuals carry, on
average, about 11 CNVs (57). Even the CNVs that are known
to be associated with a neuropsychiatric disorder are present in
low concentrations in healthy controls (49, 128, 133–138). CNVs
are not, as a rule, highly penetrant (139–142). Further, when
CNVs are expressed, the phenotypes are variable: schizophrenia
or autism, but more often developmental disabilities, congenital
malformations, or other mental disorders (11, 125, 140).

Genomic Variability: 2. Variable Expression
Reduced penetrance refers to individuals with a specific genotype,
but the clinical phenotype is not expressed or is expressed in a
lesser form. Variable expression is the degree of variation in a
clinical phenotype in individuals who carry a specific genotype
(143). CNVs manifest both.

CNVs known to be associated with autism or schizophrenia
are also found to occur in association with other psychiatric
or neurodevelopmental conditions. A good example is the
22q11.2 deletion. The deletion occurs in only about 1% of
schizophrenic patients, yet it is the strongest DNA-based
risk factor for schizophrenia identified so far. Individuals
with the 22q11.2 deletion have a 20-fold increase in risk for
schizophrenia. Nevertheless, individuals with the deletion may
be perfectly normal; or they may have developmental delay,
congenital malformations (144, 145), generalized epilepsy
(146, 147), intellectual disability (148), learning disability,
autism, ADHD, anxiety, depression, OCD, or bipolar disorder
(11, 97, 113, 118, 149–155). Variable expression is certainly
the case for many other deletions and duplications [e.g.,
1q21, 15q13.3, and 16p11.2; (113)]. Even when a structural
variant and the alleles therein are well-defined, or when a
repeat number is correctly counted, the clinical consequences
are unpredictable. In a kindred harboring a translocation
disrupting DISC1, carriers had schizophrenia, bipolar
disorder, major depressive disorder, cognitive impairment
or no mental disorders at all (116, 125). It is perplexing but
typical not only of complex diseases but complex traits in
general (115).
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Genomic Variability: 3. Epistasis
Most phenotypes result from intricate gene interactions.
These interactions, recognized as deviations from additive
genetic effects on the phenotype, and collectively called
epistasis (156). It is a universal characteristic of complex
genetic traits. It is one more aspect of genomic behavior
that accounts for the phenotypic variations that occur with
mutations in the same gene (157). A mutation may be
benign or beneficial to one individual but deleterious to
another individual; it is contingent on an individual’s “genetic
background” (158). “Sign epistasis” means that a mutation is
beneficial on some genetic backgrounds but deleterious on
others (159).

“Epistasis” was coined to describe the suppression of an
allelic phenotype by an allele at another locus (160). It is more
complicated than gene B influencing the expression of gene A;
“higher order” epistasis involves interactions among multiple
mutations (161, 162). Antagonistic epistasis among deleterious
mutations and synergistic epistasis among beneficial mutations
represent positive epistasis, whereas the opposite situations
represent negative epistasis. Intra-gene epistasis results from
effects of mutations on RNA stability and enzyme activity and
inter-gene epistasis may result from protein interactions and the
structure of metabolic networks (156, 163).

To say that a disorder is the consequence of “multiple genes
of small effect” understates the magnitude of the problem. The
results of multiple genes acting together may be additive or
multiplicative, linear or non-linear. Epistasis is also affected
by events in the environment of the cell (164, 165) and the
developmental stage at which they occur (166). Within a gene,
different alleles can interact epistatically with different gene
sets (167).

Divergent phenotypes emanating from identical genetic
variation(s) are consequences not only of epistasis but also
(in varying degrees and combinations) pleiotropy and locus
heterogeneity, environmental factors, epigenetic mechanisms,
stochastic events, dose and timing of gene expression, and
RNA regulatory elements (4, 118, 138, 168–172). Some variants
may only affect risk if they co-occur with other genetic or
environmental risk factors (115).

The Darwinian “problems” we cited earlier were the
heterogeneity of disorders even within well-defined categories,
their occurrence in pure form in small numbers of individuals
and in partial or subclinical forms in a great many more, the fact
that most such conditions do not “breed true” but are present in
different forms in family members, comorbidity, and the HHLRS
problem (11–17). The question is not why they happen but,
knowing what we now know, how could they happen in any
other way.

Genomic Variability: 4. Gene Regulation
The main effects of DNA structural variants are commonly
attributed to changes in gene expression and its regulation. The
latter, however, represent an entirely different dimension
of genomic variability. Gene expression is the work of
multiple genes and other DNA segments, proteins, and

RNAs of varied stripe, as well as epigenetic changes to
DNA and chromatin. Together, they comprise the genome’s
control architecture and participate in countless gene
regulatory networks (GRNs). Networks of regulatory
genes occupy more DNA than protein-coding genes
do (173, 174).

Variation in gene expression levels is abundant within and
among populations; quantitative differences in gene expression
are responsible for a significant amount of the variation
represented by individual differences (89, 175). Gene regulation
is itself a heritable trait. When variation in gene expression
phenotypes is compared among unrelated individuals, among
siblings within families and between monozygotic twins, there
is a strong genetic contribution to variation in the level of gene
expression (176, 177).

Gene expression microarrays and transcriptome sequencing
have revealed remarkable natural variation in gene expression
levels within populations as well as between species (178).
Regulatory variation within and between species is thought to
explain a large proportion of phenotypic diversity of life. It is
believed that most complex traits originate in non-coding regions
that affect gene regulation (179).

• GRNs are the basis of organization and stability. They are
models of dynamic complexity with modular structures that were
present at the base of the metazoan tree (93). Their stability is a
function of modularity, feedback loops and the redundancy of
the genetic material upon which they operate. They are able to
withstand gene disruptions due to mutation or environmental
stress (93, 180).

• GRNs are organized hierarchically. GRNs are organized
hierarchically and control the nature of available variation by
“packaging” genetic modules for selection (181). Thus, they are
agents not only of stability but also evolvability.

• GRNs also reflect the fact that the organism is a complex
adaptive system. In GRNs, information from the cell state and
the outside environment is translated into the correctly timed
expression of the appropriate gene products (182). GRNs have
been called the “nexus of physiological adaptation” (183).

• GRNs are a source of endless variation. For most genes,
transcript structure and expression level are not only highly
variable but functionally independent (175).

Genomic Variability: 5. Epigenetics
Epigenetic changes participate in GRNs by influencing whether
a gene is expressed, when it is and to what degree. Histone (or
chromatin) modification changes the structure of a core octamer
that contains two copies of the histones H2A, H2B, H3, and H4
(humans have them and chimpanzees don’t). Histone remodeling
ensures that DNA remains accessible to the transcriptional
machinery (184–187).

DNA methylation is another epigenetic mechanism that
can affect gene expression by making cytosine binding sites
more or less accessible to transcription factors; or it may
attract proteins that are themselves gene repressors. Variable
DNA methylation is the loss or gain of methylation at CpG
dinucleotides. Variable DNA methylation is the loss or gain of
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CpG dinucleotides; levels of methylation vary among individuals
and change at different stages of life. Patterns of methylation or
hypomethylation at different sites appear to be associated with
longevity or, alternatively, aging-related diseases like cancer and
Alzheimer’s (188–191).

Non-coding RNAs (ncRNA) are a third epigenetic
mechanism. ncRNAs are generated by intergenic or antisense
transcription, usually at introns, and comprise more than 90%
of transcriptional output from the genome. ncRNAs remain
tethered to their transcription site, serving as allelic markers
and lending spatial and temporal specificity to gene expression
(173, 192). An example of temporal specificity are the 35 ncRNAs
that govern the development of dopaminergic neurons from
neural stem cells. They are differentially expressed between
progenitor and mature states and, in all probability at different
stages of the life cycle (193).

Although epigenetic mechanisms are most active during
embryogenesis and early life, they remain active throughout
life, meaning that life experiences can make enduring changes
in the genome. Further, epigenetic changes can be passed on.
Phenotypic variations unrelated to variations in DNA base
sequences may be transmitted to subsequent generations of
cells or organisms; an epigenetic trait is “a stably heritable
phenotype” (194–196). Epigenetic inheritance is not quite the
same as the Lamarckian theory of inheritance of acquired
characteristics, but it’s not all that different. It allows genetic
variants that do not change the mean phenotype change the
variability of phenotype. However, epigenetic modifications can
also affect the probability that a region of the genome will
mutate [e.g., single-base and transposon-mediated mutations
and translocation; (197)]. Therefore, not only may epigenetic
modification promote heritable phenotypic variation, but can
also facilitate genetic evolution by modulating mutation rates
across the genome (198, 199). Epigenetic variation, therefore,
is a powerful mechanism for evolutionary adaptation to
changing environments.

Epigenetic participation in GRNs is illustrated by the
remarkable diversity of genetically identical cells and organisms
even when they have identical environmental exposures.
Cloned animals, for example, may have different phenotypes
at birth. In monozygotic human twins, gene expression is
four times more dissimilar in older subjects (50-year-old
monozygotic twins) in comparison to younger subjects (3-
year-old monozygotic twins). Autism and schizophrenia
both show surprisingly high frequencies of phenotypic
discordance in monozygotic twins. In one study, genomic
DNA extracted from leukocytes of male MZ twins discordant
for schizophrenia was found to have significant differences
between the twins at sites that are closely associated with CpG
islands and gene expression (200, 201). Similar differences in
methylation patterns have been noted in MZ twins discordant
for autism (202).

Epigenetics reflects three principles long familiar
to psychiatrists:

1. Experience influences development and the effects may
be long-lasting.

2. The maternal contribution to development is important on
many levels, including the transmission of gene expression
patterns by epigenetic programing in utero and early life.

3. Epigenetic programming is particularly robust in early life but
epigenetic re-programming, modified by experience, occurs
throughout the lifespan.

Genomic Variability: 6. Stochasticity, Noise
Another principle that psychiatrists encounter, perhaps more
often than they like, is captured by the stochastic behavior
of gene regulatory networks. The generation of gene products
is necessarily sensitive to unpredictable fluctuations. Gene
regulation is intrinsically “noisy” (203).

Transcription factors are proteins expressed by genes which,
in turn, control the expression of genes. Their dynamics are
constrained by a highly structured, densely tangled intracellular
environment where DNA, RNA, and proteins may be present
and active with only a few copies per cell (181). Since typically
30–100 regulatory proteins per gene are used as transcription
factors (204), a corresponding number of genes must go through
their individual cycles of expression in a perfectly synchronized
manner; otherwise, a shortage of a few transcription factors may
lead to drop-out from the regulatory process and a halting of big
sections of transcription machinery (205). When a transcription
factor initiates gene expression, its effects are amplified by
cycles of epigenetic reprogramming; normal cell activity involves
thousands of transcription factors operating in parallel with
epigenetic mechanisms. Thus, there are ample opportunities for
“noise” or stochasticity—to arise. A small number of epigenetic
changes, or a single one, may have a net effect on multiple
downstream targets. Environmental signals can affect the activity
of transcription factors and epigenetic complexes to regulate gene
expression (93, 192).

The modular structure of GRNs is a stabilizing factor but
there is no overlying regulatory system, in the sense that
“regulation” is used in systems control theory (181). If anything,
GRNs are self-organized, responding to differences in the
internal states of cells; to the effects of subtle environmental
differences, such as morphogen gradients during development;
to predictable processes such as cell cycle progression; to random
processes such as partitioning of mitochondria during cell
division; and to ongoing genetic mutations (206). They also
manifest the inherent stochasticity of biochemical processes that
are dependent on infrequent molecular events involving small
numbers of molecules. Like people, they encounter innumerable
opportunities to do something unpredictable.

Intellectual disability, autism and schizophrenia have
been related to GRN’s that regulate neurogenesis, neuronal
connectivity, cell signaling, axon guidance, presynaptic pathways,
post-synaptic protein complexes, cytoskeleton dynamics,
intracellular signal transduction pathways, transcription
regulation, and epigenetic modulation of the chromatin structure
(207–211). Clinical studies of gene networks, however, are
theoretical, relying on statistical associations among genes that
are expressed in particular areas or that have known functions.
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Mapping the “interactome” directly has only been done in model
organisms such as yeast, fruit flies, and roundworms.

The Origins of Genomic Variability
It may be reassuring to clinicians to learn that the genetics of
complex disease are no less complex than the phenotypes they
generate but may wonder how it came to be that way. Genomic
variability, in all its dimensions, has increased as evolution scaled
the phylogenetic tree; a highmutation rate characterizes primates
in general and humans in particular. It is telling that, of all
the great apes, humans have less genetic diversity defined by
the number of SNPs, but much more in terms of structural
variants (212).

DNA content variation is more common in humans than
other mammals; because it occurs several times more frequently
in neurons than other cells we may assume it favors the evolution
of a complex and adaptable brain (25, 54–60). Most of the
structural rearrangements in the mammalian lineage are believed
to have occurred in brain-specific genes (55). The duplication rate
accelerated at the time of the common hominoid ancestor (57)
and our own species is remarkable for numerous large segmental
duplications (25, 60).

Structural rearrangements allow multiple forms of a gene to
co-evolve and to rapidly reorganize the genome. Variation in the
amounts and types of repetitive DNA varies between organisms
and reflects how rapidly a species is capable of evolving in
response to changes in its environment (213). It is believed to
foster inter-individual genetic variability and variation from one
generation to the next (168, 214, 215). The creation of novel
genes by genomic transformation is said to have been “the major
driving force in hominid evolution” (91) and “the sine qua non
for evolvability” (24).

Changes in the gene regulatorymachinery are another creative
force in morphological evolution (55, 216). The proliferation of
new regulatory genes coincided with the emergence of increasing
organismal complexity, and they enabled organisms to develop
new functionalities. Differences in gene expression are probably
the real divisor between humans and chimpanzees; our genes are
largely the same but the difference is accelerated gene expression
changes in the human brain (58). During hominid evolution,
mechanisms of gene expression have been elaborated to an
extraordinary degree and this is especially true of genes that
govern brain development (28, 58, 217, 218). The adaptability
of the genome is further enhanced by epigenetic mechanisms
and, as it happens, humans are the most epigenetically complex
species (219, 220).

The convergence of genomic variability, morphologic
evolution and the evolution of a complex, highly adaptable
brain is contained within the concept of evolvability. Animals
possess two systems with which to address the challenges of
their environment: a neural system, that directs behavior and
a genomic system that provides the wherewithal for behavior
to occur. Both systems are composed of networks that are at
once inordinately complex and also flexible. Their complexity
and flexibility increase as one ascends the phylogenetic ladder.
We humans are the carriers of genomic and neural systems that
make us uniquely adaptable and, one may say, evolvable.

We also know that genomic events that conferred evolvability
to the primate/hominid lineage are over-represented in patients
with autism and schizophrenia, as well as intellectual disability
and epilepsy. The irregular behavior of the genome is probably
reflected in the evolution and organization of neural connectivity;
it is certainly reflected in the irregular behavior of complex
diseases in general, autism and schizophrenia in particular. The
pictures are gradually coming into focus: the mechanisms of
genomic variation, the vicissitudes of gene expression and their
variable phenotypic consequences. As the particulars accrue, so
do underlying principles. Genomic variability is clearly related
to evolvability and to NDDs, but are the latter two connected?
The question has been answered: “The same genes that were
responsible for the evolution of the human brain are also a
significant cause of autism and schizophrenia” (50). There are
hazards, however, to facile answers. The issue isn’t “genes” at all
but the principles that govern their behavior. Three principles
relevant to evolvability are reiterated in a clinical arena where the
idea of evolvability is current, in studies of cancer.

Evolvability in Real Life
Cancer as an evolutionary system is neither metaphor nor theory
but an observation that has implications for diagnosis and
treatment (221). Cancers are dynamic entities that never cease
to evolve. They don’t only grow; they “evolve according to well-
understood principles of somatic selection, along trajectories that
can be described by established methods for tracing phylogenies”
(222). Individual cancer cells are reproductive units within a
population and compete not only with non-neoplastic cells but
also with other cancer cells that possess different genotypes.
Neoplastic cells, especially solid cancers, generate additional
mutations with new phenotypes, such as the ability to invade
adjacent tissues, recruit blood supply, overcome nutritional
deficiencies and resist immune attack (223). Their mutational
patterns evolve stochastically and are highly diverse. Cancers
contain, on average, 50 non-silent mutations in the coding
regions of different genes; only a small fraction of the mutations
are common to all tumors in a given class (224–226).

In cancers, genetic heterogeneity is “the fuel that drives
selection” (223, 227). Cancer cells are notorious for their
genomic instability. They show genomic rearrangements at the
microscopic and submicroscopic level; mutations in coding
regions, genomic loss or amplification, transpositions and
transformations, aberrant methylation and expression profiles.
Such mutations render cancer cells evolvable and, all too often,
difficult to treat3 (228, 229).

The evolvability of cancer cells captures three relevant
principles. The first is that high mutation rates confer adaptability.
Cancer cells are subject to stresses—hypoxia, nutrient depletion,
immune surveillance, chemotherapy, —and they show that high
mutation rates occur when cells are stressed.Mutations accelerate
adaptation and cells with the requisite phenotypes are selected
(230–232). This observation has wider import; it belies the

3Mutant clones are often the source of treatment resistance. Mutant clones that are

resistant to chemotherapy may persist in a dormant state, only to erupt at a later

time.
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assumption that mutagenesis is random, constant, and gradual.
Mutations occur more frequently when cells are maladapted to
their environments, and the mechanisms that drive mutation
tend to target specific genomic structures (233).

The second principle is that the genome is balanced between
two evolutionary traits, stability, and variability. Stability, or
robustness, is the ability to remain adapted to existing conditions
in spite of perturbations. Cells that are genetically unstable—for
example, those with certain CNVs—are predisposed to neoplastic
transformation (229, 234). Cancer cells are unusually robust
because high mutation rates render them more variable, more
likely to advance in the face of hostile environments (235).

The third is that the human genome has achieved a good
balance. The hominid lineage has evolved successfully while
maintaining an array of DNA monitoring and repair enzymes
that render most mutations an evolutionary dead-end. That
is why cancers, like severe, disabling mental disorders, are
comparatively rare events. Our genome derives disproportionally
from individuals who had effective mechanisms for suppressing
the conditions (223, 236). Nevertheless, mutations occur and
continue to exercise effects, not always good ones. The balance
is not perfect. Cancers, like mental disorders, continue to
occur. Mechanisms for mutation prevention and suppression
are imperfect. The accumulation of new genetic variants may
fuel evolution of the species but not all variants are beneficial
to individuals.

Neural Darwinism
Neoplastic cells compete not only with their host but with each
other. The evolutionary expansion of neoplastic cells is a far
cry from what happens among post-mitotic neurons in autism
and schizophrenia, but the point is that evolution is more than
an historical event; it is the product of biological processes and
principles that remain active. So, if brain were regarded as an
evolutionary system, the evolvable units would not be neurons
but the connections that form among them—at a fundamental
level, synapses and at the next, neural networks. If autism and
schizophrenia are, in fact, disruptions of neural circuitry (237,
238), they may be conceptualized as aberrations in one or more
evolutionary processes.

The development and maturation of brain is characterized
by, among other things, the evolution of discrete interconnected
groups of active neurons–-“cell assemblies” or neural networks
(239). “Synaptic Darwinism” refers to synapses “replicating” by
strengthening their connections and “mutating” by connecting
new cells. “Neural Darwinism” is more than a metaphor. During
the course of development and throughout life, there is always
a vast array of potential connections to be made, but only
the fittest survive (240). The axonal arbors of neurons tend to
be in close proximity; competition results in strengthening the
connection with one neuron and withdrawal of the rest. Onle
certain connection patterns are selected in order to form optimal
configurations (241); alternatively, one may say that neurons
compete to form effective connections (242) “What could be
analogous in the case of synapses to genetic mutations? We
believe the obvious analog to genetic mutation is structural
synaptic change” (243).

“Competition” among neurons is reflected at the level of
molecules; in living cells different molecular species compete
for binding to the same molecular target. A relevant example
is the competition of genes for the transcription machinery or
the competition of mRNAs for the ribosome. In transcription
and translation networks, competition takes place within large-
scale networks that typically have hundreds to thousands
of competitors, all at a relatively low concentration. Many
different genes compete for RNA polymerase and transcription
factors, microRNAs compete for mRNA and thousands of
different transcripts compete for a common set of ribosomes
and translation factors. Translated proteins compete for a
common folding and transport machinery and when they
are to be removed they compete for a common degradation
machinery (244–246).

Competition among alternative pathways occurs in the
behavior of neural networks and the mechanisms of cognitive
control (247, 248). In the lateral amygdala, neurons with
increased excitability during training outcompete their neighbors
for allocation to an engram (249). Representation in the visual
system is competitive; both top-down and bottom-up bias
influences the ongoing competition (250). Awareness itself is a
bottleneck through which only a small amount of neural activity
is successful in coming to one’s attention (251, 252).

The evolvable human genome gives rise to neural systems
that are themselves evolvable. The principle that mutations
confer adaptability is equally pertinent to the genome and the
neural connectome; variability in the former is a homolog of
plasticity in the latter. So also does the principle of balance.
The neural connectome depends on the expression of many
genes involved in neural activity, including the behavior of
receptors, membrane transporters, enzymes for neurotransmitter
synthesis or degradation, cytoskeletal and vesicular proteins,
signaling and effector proteins, and regulators of transcription
and translation (253). The variable expression of so many genes
lends bias to the development of neural connectivity. Autism and
schizophrenia originate in networks of DNA, nucleotides and
proteins that preside over neurogenesis and neural migration,
synaptogenesis, and arborization. One can say that autism and
schizophrenia are “disruptions of neural circuitry,” or one might
better say that certain genes lend bias to the evolution neural
circuity. “Disruption” conveys either/or; “bias” is consistent with
the clinical heterogeneity of those disorders. The competition
at every level to form optimal connectivity is biased against a
perfect balance.

Robustness Is the Balance Between

Stability and Variability
Complex adaptive systems, such as the genome and the neural
connectome, are networks comprised of a hierarchy of networks.
Coherent behavior in such systems arises from the interplay
among many individual agents (254, 255). Networks and the
agents within them are subject to events in the environment
and to inevitable stochastic variations, and to all are available
alternative, competitive pathways. A system is robust if it
optimizes the balance between cooperation and competition,
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stability and variability, randomness, and regularity; thus, a
species is robust if it can maintain essential functions yet
maintains the potential to evolve (256, 257). The optimal balance
is a robust system that is stable but also flexible and adaptable.
Thus, the genome responds to stresses with adaptive mutations
and the neural connectome responds with adaptive plasticity.
How well cells, organisms, and species achieve that balance
in the face of innumerable unforeseen events is the essence
of evolvability.

The capacity of systems to maintain essential functions
when exposed to challenges is called phenotypic robustness.
Robustness is central to evolvability, because it allows an evolving
population to explore new genotypes without detrimentally
affecting essential phenotypes. Related terms are developmental
stability, the ability to produce a robust phenotype when faced
with challenges during development; and canalization, when
genetic systems under long-term stabilizing selection evolve to a
state of increased stability (157, 258–260). To that end, organisms
have evolved systems to buffer the impact of mutations, noise and
untoward environmental events.

The trait of robustness is pervasive in biology at every
organizational level including protein folding, gene expression,
and the neural connectome, as well as in physiological
homeostasis, development, organism survival, species
persistence, and ecological resilience (256, 261–265). In
successful organisms, however, the trait of robustness exists
in balance with trait evolvability. It seems a paradox; a robust
system is resistant to generating new phenotypes while an
evolvable system takes advantage of mutations to generate
phenotypic variations (266). However, a robust system is only
static with respect to essential morphological characteristics, that
are said to be “deeply canalized.” If perturbations always led back
to the native state, organisms would find it difficult to contend
to unfamiliar challenges (262). A better evolutionary strategy is
to protect essential native functions in the face of unexpected
tumult while evolving new ones to adjust to challenges. This
kind of robustness is not a barrier to evolution, but enhances
it. It enables genotypic variability and new phenotypes without
untoward functional consequences (24, 256, 267).

Robust but Fragile
The mechanisms that successful organisms employ to ensure
robustness are sufficiently flexible to support change when
circumstances demand. Yet the balance between robustness
and evolvability is tenuous and contains the germs of fragility.
Robustness supports evolvability but the genome and the neural
connectome are vulnerable to devastating disturbances. It is
the balance between robustness and evolvability that may be
relevant to complex diseases and mental disorders. The balance
is maintained by two kinds of buffering systems, one structural,
the other dynamic.

Modularity, for example, is a way most complex systems
are structured. Modularity promotes stability by containing
perturbations, reducing the interdependence of events and
minimizing system-wide impact. Modules optimize network
function because they are energy-efficient (268). They also confer
evolvability by reducing constraints on change (269). Modular
systems, however, are vulnerable to unexpected perturbations.

This “robust yet fragile” trade-off is fundamental to complex
dynamic systems (262, 270). Other mechanisms that are at once
stabilizing and supportive of evolvability, such as redundancy,
gene duplication, feedback control, and bow-tie architecture, are
also vulnerable to catastrophic failure in the face of unusual
stressors (267, 269). Gene duplication, for example, is a way
to lower the intrinsic noise in gene expression. Increased copy
number provides stability by preserving the native function of the
gene when copies happen to mutate (206). We have already met
some of the catastrophic failures that cometimes accompany copy
number variation.

When new genes arise, systems exist to suppress their
expression. Novel genes are not necessarily eliminated but
survive from one generation to the next. The result is a vast pool
for potential change, known as cryptic genetic variation (CGV).
It is invisible under normal conditions but when circumstances
change it is fuel for evolution (271). The hidden genes are a
massive cache of adaptive potential. On the other hand, they are
also a reservoir of potentially deleterious alleles (272).

When a robust system is stressed beyond its level of
tolerance, phenotypic expression may be decanalized, which
leads to increased phenotypic variability (273). A population
moving beyond its adaptive niche challenges its genome to
respond by increasing trait variability; decanalization is thus
an agent of evolvability. At an individual level, crossing the
threshold of stability opens the opportunity for cryptic alleles to
express themselves, sometimes in untoward ways. Decanalization
has been proposed to explain missing heritability in complex
disease (273–275).

In diverse model organisms, the threshold of robustness
differs among individuals; those with decreased robustness show
increased penetrance of mutations and express previously cryptic
genetic variation. It is not unlikely that phenotypic robustness
also differs among humans. Individuals with lower robustness
are thus more responsive to genetic and environmental
perturbations and more susceptible to disease (157, 275). This is
particularly relevant to disorders like autism and schizophrenia,
where environmental events such as intrauterine exposure or
obstetrical suboptimality may evoke a latent genetic proclivity.

Brainmay be particularly vulnerable to decanalization because
its development and activity are instructed by more than half of
the genome, each allele with a different level of robustness. The
hominid neocortex has expanded considerably, compared with
closely related species; perhaps there hasn’t been sufficient time
to evolve robust cortical developmental trajectories. Brain has
tightly-regulated critical windows of development; thus, there are
few opportunities to compensate for perturbations (274).

Versatile Proteins
Heat-shock proteins (HSP) are examples of a second type of
buffering mechanism, dynamic and dependent on the expression
of versatile proteins. HSP are protective against a wide range of
environmental stresses, notably those known to be prenatal risk
factors for neurological and psychiatric disorders, such as viral
infection, hypoxia, inflammation, irradiation, alcohol, maternal
seizure, and methylmercury (276–279). They are also genetic
buffers, residing at the boundary between evolutionary stasis and
change (264, 280).
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HSP are molecular chaperones that play an essential role by
protecting their “client” proteins from misfolding, for example,
in the face of heat stress (281, 282). Like many genes and
proteins, they are so-named after their earliest reported role;
HSP are induced by high temperatures. They are an essential
element of the biological stress response (281, 283). All species,
from prokaryotes on up, have HSP genes; HSP expression is
correlated with resistance to stress; and species’ thresholds for
HSP expression are correlated with the levels of stress that
they naturally undergo (284). One HSP, hsp90, is necessary
for the glucocorticoid receptor to develop (285) and regulates
receptor activity (286). It participates in hormone signaling (280,
287) and restores hypothalamic–pituitary–adrenal homeostasis
after stressful events (288). The aging-related decline in stress
tolerance is associated with a lower capacity to generate stress
proteins in general and HSP in particular (289, 290).

Genetic mutations are an important source of abnormal and
misfolded proteins, and HSP buffer their effects as well (291).
When an abnormal protein is expressed by a mutant gene,
chaperones such as hsp90 participate in its degradation. Thus,
HSP can buffer (i.e., suppress) phenotypic variation (283, 292–
295). When genetic variations are “decoupled” from phenotypic
expression, however, cryptic mutations accumulate (262, 293,
294, 296, 297). In light of this action, demonstrated in studies
of fruit flies, zebrafish, bacteria, yeast, fungi and plants, hsp90 is
called a “genetic capacitor” (282, 292, 294, 298, 299). It buffers
against mutations and thus contribute to the robustness of the
phenotype. When buffering operates normally, it prevents the
development of abnormal phenotypes; if the potential phenotype
were autism or schizophrenia, an effective buffering system
might prevent the condition even in individuals with genetic or
environmental risk factors (299, 300). Buffering capacity is finite,
however, in some individuals more so than others. When an
individual’s buffering capacity is exceeded by excessive or unusual
perturbations the result is increased phenotypic variation (292,
301, 302). In populations, this stress-sensitive storage and release
of suppressed alleles may favor adaptive evolution (299, 303). In
individuals, the consequences may not be quite so sanguine.

Fetal development has to be insulated from the damaging
impacts of environmental and genetic perturbations to produce
highly predictable phenotypes (300). The relevance of HSP to
NDD is highlighted by their known effects on development;
hsp90, for example, occupies a critical position in development
because most of its client proteins are signal transducers
(282, 292, 304–306). Because cell division is such an active
process during fetal life, the opportunities for genetic mistakes
to occur—especially in developing neurons—are legion. From
studies in various organisms we have learned that many HSP
buffer developmental perturbations onmorphological traits (300,
305). In embryonic mice, exposure to subthreshold levels of
environmental toxins induces HSP activity; inhibition of HSP
leads to structural brain abnormalities and epileptogenesis (307).

In experimental animals, HSP activity can be inhibited in
various ways. In real life, HSP is naturally variable and individuals
differ in their capacity to generate buffering activity. There is
substantial inter-individual variation in HSP induction during
embryonic development of the central nervous system, where

chaperones are essential to neuronal differentiation and survival
(308). Embryos with stronger induction of HSP are less likely
to be affected by inherited mutations; their development is
more robust because mutations are less likely to be expressed
(309). Clinically, Individual differences in HSP buffering are also
associated with vulnerability to heart disease (310, 311) and the
likelihood of extreme longevity (312, 313).

Throughout life, HSP concentrations are sensitive to tissue
damage or destruction; concentrations are higher in patients with
cardiovascular and autoimmune disease (314). HSP are induced
in response to brain pathology; e.g., stroke, neurodegenerative
disease, epilepsy, and trauma. One in particular, hsp90, is
constitutively expressed in brain throughout life (315) and
is especially abundant in limbic system-related structures
such as the hippocampus (316). It is necessary for efficient
neurotransmitter release at the presynaptic terminal and the
development of receptors in the post-synaptic membrane (317).

The decline of HSP response with aging may be a cause
of neurodegenerative disease (318). If unfolded or misfolded
proteins are not recognized by HSP, they are capable of forming
aggregates (319). Conversely, a vigorous HSP response reduces
amyloid production (320, 321) and inhibits the aggregation
of tau protein (322), alpha-synuclein (323), and huntingtin
(324, 325). It induces the clearance of aggregates by autophagy
(323, 326, 327).

Studies of HSP in autism and schizophrenia show higher levels
of hsp70 (279, 328, 329) and increased auto-antibodies to hsp60,
70, and 90 and CRP40, a catecholamine-regulated heat-shock-
like protein (33–278, 278–328, 328–334). In neural stem cells
from schizophrenic patients, there is higher variability in the
levels of HSF1, an HSP transcription factor (307). Interestingly,
HSP levels are elevated in patients with temporal lobe epilepsy
and lupus who are also psychotic, but not in those who are not
(287, 307, 335).

The cited studies are by no means definitive. They are
compromised by inconsistent findings and results that may be
affected by the medications patients are taking. Nevertheless,
it seems to be a promising area to pursue. Perhaps there is
an intrinsic or acquired weakness in normal neuroprotective
mechanisms in autism and schizophrenia (307, 328). Perhaps,
too, the proper approach to disorders arising from the
interactions of so many genes and genomic variants might dwell
in the “hubs” (291, 295) and “bow-ties” (336, 337) that reside
along the trajectory from genotype to phenotype, and represented
by the heat-shock proteins (327).

Variable Buffering
The approach may be promising but it won’t be easy. HSP
are an extended family of more than 100 proteins, traditionally
identified by their molecular weight (from 8 to 110 kDa). Each
category includes multiple proteins, many of which have multiple
isoforms, not all of which are easily measurable (338–340).
Individual HSP vary considerably in their expression, protein
structure, localization, and ability to be induced. Complicating
matters, the buffering capacity of an individual HSP is guided by
multiple “co-chaperones” (291).
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The behavior of HSP is not consistent. Hsp90, for example,
protects the cell from genetic variation; or it may have the
opposite effect, rescuing proteins that arise from mutations
with folding or stability defects (341). Thus, they may maintain
mutated proteins in a partially active state, permitting them
to persist within the cell, to aggregate or cause some other
mischief (327).

Buffering mechanisms also operate at different levels among
the multiple components that contribute to every polygenic trait
(342). The subunits that participate in a complex trait—single
genes, or sets of well-integrated genes—may be robust or not.
Subunits most likely to be robust are ones with high mutation
rates, often at the expense of reduced robustness of genes or
subunits with lower mutation rates. This may pose constraints
or lead to conflicts that influence the buffering of the unit as a
whole (256).

Nor do HSP operate in a vacuum. Whether a chaperone
acts as a buffer, lessening mutational effects, or as a potentiator,
increasing mutational effects, is not a fixed property of the
protein itself but is influenced by the different mutations
with which it interacts (343). The actions of HSP are also
influenced by their genetic background (157, 344, 345). We don’t
know much about the genes that participate in the heat-shock
response in humans, but 59 genes (7 positive activators and
52 negative regulators) participate in the heat-shock response
in Caenorhabditis elegans (346). In Saccharomyces cerevisiae, no
fewer than a thousand genes have been identified that alter
sensitivity to heat shock (347).

The thresholds of robustness mechanisms are not only a
priori variable, but are influenced by epigenetic changes that
occur throughout one’s life and that occurred in generations
past (172, 283, 293, 301, 309, 348–350). Genetic variation
present in one generation can influence phenotypic traits in
the next, even if individuals do not inherit the variation.
The environment experienced by one generation can influence
phenotypic variation in the next several (351).

The critical balance between stability and variability,
therefore, hovers on the fine edge of criticality. The cell
has developed an exquisite system to prevent or mitigate
destabilizing events and thus preserve its integrity and that of the
organism. Understanding and possibly manipulating the agents
that buffer cells from destabilizing agents holds at least some
promise as a therapeutic approach to complex phenotypes like
cancer and autoimmune disease (352–355). It may be a frail reed
in the face of the complexity of genomic behavior but is one that
is close to hand.

If Things Were Simple, Word Would Have

Gotten Around
Individual differences in buffering capacity and genetic
background are two of many elements that contribute to the
variable and unpredictable expression of clinical phenotypes.
Is it possible, therefore, to make useful predictions about
the phenotypes of individuals from their complete genome
sequences? The “typical” phenotypic outcome of an individual’s
genome may well be predictable, but it is much more difficult to

predict the actual outcome for a particular individual. Individual
outcomes are no more than probabilistic. The genome, like
the neural connectome, exists in a metastable state, a critical,
narrow edge between order and chaos. In such states, irreducible
uncertainties and unexpected hazards are always present. The
premises of “personalized medicine” look more like Laplace’s
demon every day.

The problem, for a personalized medicine demon, is that
the relation of genotype and the phenotype of complex traits is
decidedly non-linear. Non-linearity is characterized by sudden
changes in phenotype with small changes in genotype; thus, not
all genes are equally correlated with the trait whose ontogeny
they control (356). Non-linearities are a ubiquitous feature of
development and gene expression networks (357–364). Non-
linearities are given to sudden discontinuities and can lapse,
unexpectedly, into catastrophe (365–367).

Non-linearity is a bother to demons but is necessary for
robustness to co-exist with evolvability. In model genotypes
with low levels of non-linearity, stability is the rule; those with
non-linear dynamics allow expression levels to be robust to
small perturbations, while generating high diversity under larger
perturbations; that is, evolvability (368, 369).

Genetic variation influences the phenotype by processes that
act at different scales, times, and locations within the organism
(182, 364, 370). The trajectory from genotype to phenotype,
therefore, is not only complicated, it is complex. At every step,
one is confronted with complex systems composed of parts that
are complex systems in their own right and complex systems
tend to show surprising and unexpected behavior. The behavior
of every system is affected by interactions, direct and indirect,
with all the others. The individual and his destiny can’t be
understood in terms of one or two such sub-systems, or even all
of them together.

The individual components of complex systems interact
in manifold ways, including highly dynamic regulatory and
feedback mechanisms (371). Within this framework, a single
cause can produce multiple and unpredictable effects and even
small fluctuations can have unexpected consequences. Linear
casual explanations—that conceive reality as a linear succession
of elementary events from cause to effect—are usually unable to
describe how complex systems behave (372, 373).

One struggles, therefore, to generate clinical insights from the
information we have gleaned from years of study of our two most
important adaptive systems:

• Complex systems may never be given to complete
descriptions, or unchanging and non-provisional rules
to control their behavior (374).

• We still know frustratingly little about how changes in
genotype determine the changes in phenotype (341).

• The “sequence space” of the genome is so vast that
an exhaustive functional mapping and characterization of
epistasis for any protein or gene is nigh-on impossible (375).

• The genetic information we are lacking about traits and
diseases is potentially immense (376).

• The phenotype of each individual is usually considered as an
interaction between two variables: the genes each individual
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carries and the environment that they experience. . . (but) the
evidence suggests this is not always the case (351).

• It is futile to seek the basis of autism and schizophrenia amidst
the profound complexity and variability of genetic and neural
networks. Our present nosological constructs are imperfect,
only “umbrella terms” that comprise a heterogenous mix of
“real” conditions (377, 378).

• The complexity of brain function and structure is not reflected
in current psychiatric disease nosology (238).

If such were really the case, we would be left with nothing
but truisms: complex systems like the genome and neural
connectome are “intrinsically and irreducibly hazardous” (45).
Or rhetorical flourishes: “The same “genes” that drive us mad
have made us human” (379). I prefer to think that our “umbrella
terms,” fuzzy sets as they are, may be the best way to translate
the complexities of genomics and connectomics in a meaningful
way. Mental disorders, I think, are as variable and mutable as the
neural networks and the genome whence they arise. They are as
variable and unpredictable as people are.

I prefer to leave the reader with more than an intellectual
dead-end. Appreciating the complexity of the genome is an
opportunity to revise our expectations of how it generates
complex disease and how we may address the crucial issue
of prevention.

About genes:

• The genome is not a static blueprint but a dynamic participant
in the affairs of the cell.

• There is more to genomic exploration than SNPs and QTLs.
• What matters about the genome is not only its base-pair

sequence but its behavior, especially its interactions with the
environment, which is mediated by proteins and RNAs of
various stripe.

• Genomic expression is intrinsically noisy, stochastic,
and unpredictable.

• The dynamic and mutable nature of gene expression may be a
source of species adaptability but it is also a potential source of
individual vulnerability.

About mutations:

• They occur frequently, especially in the human genome.
• Mutations occur more often in specific regions of the genome

and are more likely to occur in some individuals.
• Mutations that are only slightly deleterious (or beneficial) are

subject to weak selection (380).
• Therefore, mutations accumulate, a reservoir of potential

adaptions for the species but, on occasion, of disastrous events
in the lives of individuals (381).

About phenotypes:

• From transcription to RNA processing, translation, and

protein folding and all the way up to protein activity and

cellular fitness, there aremany layers of biological organization

where the effects of mutation can be transformed (382).
• To make predictions about the phenotypes of individuals,

it is clear that knowledge of genome sequencing is usually

insufficient. Rather, we need to consider how genetic,
environmental and stochastic variation, together with
transgenerational effects, combine to determine the
phenotypes of individuals (351).

• The processes that govern the trajectory from phenotype
to genotype hover on a critical edge between stability
and variability.

• The spectrum of outcomes can be related to continuous
functions in variable elements.

• Catastrophic outcomesmay be related to non-linear functions.

Complex traits, including complex diseases, are attributable to
“multiple genes of small effect”-–among which are included
all the sources of genomic, proteomic and neuronal variability.
Nevertheless, complex traits exist and although quite variable,
they occur with sufficient regularity to allow reliable descriptions
and exhibit behavior that is more-or-less consistent. It is this,
rather than their variability, that should entertain our interest. A
current explanation is that mutations occurring inmany different
forms and at hundreds of targets converge on a much smaller
number of molecular, cellular and anatomical pathways critical
to the development and functioning of the CNS (383–385). The
assumption is that aberrations in the expression of a great many
genes affect a much smaller number of developmental pathways.
It reflects a characteristic of complex systems: hierarchical
networks are more concentrated higher up the scale. Although
we suspect that developmental pathways are fewer in number
than the genes involved, this is merely an assumption (360).
However, we know that gene expression is processed through
a much smaller number of “bow tie” processes that govern the
generation of phenotypes and that maintain robustness without
compromising evolvability. They deserve critical analysis.

At the level of pure theory, we may entertain a speculation
about how primate evolution and then evolution of the hominids
was so successful in the face of such a high degree of variability—
to a point where even mechanisms designed to buffer it from
perturbations are as variable and unpredictable. Ironically, an
answer may be gleaned from computer simulations and studies
of evolution among cancer cells and bacteria. From such studies,
we learn that reproductive fitness is not the only goal of natural
selection, nor is adaptation. Populations with lower initial fitness
systematically adapt more rapidly than populations with higher
initial fitness. Genotypes with lower fitness are more adaptable,
over the long run, than those with higher fitness (381, 386–388).

“It is tempting to suggest that the promiscuity inherent in
biology is tolerated withminimal detriment rather than corrected
at high cost” (389). The promiscuity inherent in biology is not
only tolerated, it is put to good use. If anything, it prevents a
species from achieving a “genetic optimum.” The hydra have
achieved a genetic optimum, I suppose, and so have crocodilians
and turtles. But their optimum is really only a genetic ceiling.
Hominids have achieved adaptability, not a genetic optimum. As
a species, we are fit but not perfect. Adaptability is not a perfect
fit to one’s niche but the capacity to accommodate a wide range
of potential environments. It is the genomic flexibility that allows
small and large changes to bemade in response to change. To that
end we have evolved the trait of evolvability, which is manifest

Frontiers in Psychiatry | www.frontiersin.org 13 January 2021 | Volume 11 | Article 59323362

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gualtieri Genomic Variation and Evolvability

in variability at every point on the genotype-to-phenotype map.
Trait evolvability, however, exists in balance with trait robustness.
The balance is not perfectly balanced, however. It is distributed
unevenly. It confers stability to most of us, albeit in graded
fashion; less to many and very little to an unfortunate few.

AUTHOR’S NOTE

My hypothesis is that evolvability is relevant to the problems
of psychiatric genetics: the problem of missing heritability,
for example; of the variable expression of neurodevelopmental
disorders arising from a particular genetic aberration; and the
intriguing problem of autism and schizophrenia, disorders that
are highly heritable but persist in spite of conferring low
reproductive success. Genomic variability drove the evolution
of neural complexity; it was also fuel for the evolvability of
the hominid lineage. The paper is a review of mechanisms of
genomic variability that are well-developed, scientifically, and
also clinically relevant. The genetic elements that conferred
variability and evolvability happen to be over-represented in

autism and schizophrenia. The relevance of evolvability to
neuropsychiatric disorders is illustrated by the robustness of the
human genome, its ability to maintain stability in the face of
genomic variability; yet it is also uniquely evolvable. The balance
between robustness and evolvability is illustrated by buffering
mechanisms that are structural or dynamic. Both, however, are
fragile and subject to a high degree of inter-individual variation.
The paper introduces a novel way to think about the genetics
of neuropsychiatric disorders in particular, complex traits and
complex disease in general.
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Background: Previous studies of the functions of IL15Rα have been limited to immune
activities and skeletal muscle development. Immunological factors have been identified
as one of the multiple causes of psychosis, and neurological symptoms have been
described in IL15Rα knockout (KO) mice. Seeking to explore possible mechanisms for
this in the IL15Rα−/− mouse brain, we analyzed gene expression patterns in the cortex
and hippocampus using the RNA-seq technique.

Methods: IL15Rα KO mice were generated and littermate wildtype (WT) mice were
used as a control group. A Y-maze was used to assess behavior differences between
the two groups. The cortex and hippocampus of 3-month-old male mice were prepared
and RNA-seq and transcriptome analysis were performed by gene set enrichment
analysis (GSEA).

Results: Compared with the WT group, IL15Rα KO animals showed higher speed in
the novel arm and more entrance frequency in the old arm in the Y-maze experiment.
GSEA indicated that 18 pathways were downregulated and 13 pathways upregulated
in both cortex and hippocampus from the GO, KEGG, and Hallmark gene sets.
The downregulated pathways formed three clusters: respiratory chain and electron
transport, regulation of steroid process, and skeletal muscle development.

Conclusion: IL15Rα KO mice exhibit altered expression of multiple pathways, which
could affect many functions of the brain. Lipid biosynthesis and metabolism in the central
nervous system (CNS) should be investigated to provide insights into the effect of IL15Rα

on psychosis in this murine model.
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INTRODUCTION

Psychosis is a group of complex diseases with various unknown
etiologies. There is a large economic burden to patients with
disease such as schizophrenia and depression, associated with
increased direct healthcare costs, lost productivity, changes in
employment status, and suicide (Jin and Mosweu, 2017; Amos
et al., 2018). Resulting sociological issues include violence,
crime, and other problems. A focus of psychiatric research has
been the relationships between the central nervous, immune,
and endocrine systems (Steinberg et al., 2015). Depression and
schizophrenia patients exhibit dysregulation in their immune
function (Arolt et al., 2002), and IL-1β, IL-2r, IL-6, and
TNF-α have been identified as biomarkers of schizophrenia
(Upthegrove et al., 2014).

The immunomodulatory cytokine interleukin-15 (IL-15)
exhibits functional similarities with IL-2 and is ubiquitously
expressed in the normal CNS as well as other organs (He
et al., 2010a). Compared with IL-2/IL-2Rα, IL-15/IL-15Rα is
a more broadly expressed bio-regulator that affects a wider
range of target cell populations, giving it the ability to regulate
the homeostasis and growth of various non-immune cell types
and tissues (Budagian et al., 2006). IL-2Rα KO mice have
manifestations of autoimmunity and 25% die of severe anemia
(Willerford et al., 1995). By contrast, IL-15Rα KO mice exhibit
several unique alterations in immune cell development and
function without increased mortality (Lodolce et al., 1998).

mRNA for IL-15Rα isoforms is widely expressed in microglia,
astrocytes, and neurons, and it has a recognized major signaling
role in cerebral function (Lee et al., 1996; Hanisch et al., 1997;
Kurowska et al., 2002). IL-15Rα KO mice show hyperactivity,
depressive-like behavior, reduced anxiety, and impaired memory
(He et al., 2010a; Pan et al., 2013). Recent studies reported a
rare loss-of-function IL-15Rα mutation in a schizophrenic patient
and his siblings by sequencing—the clinical manifestations were
similar to IL-15Rα KO mice (Pan et al., 2019). KO mice have
further abnormalities such as a leaner body composition with
lower fat (He et al., 2010b), altered skeletal motor activation,
elevation of body temperature, and increased energy expenditure
(He et al., 2010b).

How lipid metabolism can influence CNSs is attracting a
rising interest. Altered lipid metabolism was linked to many
neurological disorders, such as autism spectrum disorder and
schizophrenia (Khan et al., 2002; Bell et al., 2004; Chauhan
et al., 2004). The IL-15 was proved to inhibit lipid deposition
in murine 3 T3-L1 preadipocytes, and global IL-15Rα KO mice
were observed with lower body fat accompanied by a series of

Abbreviations: CNS, central nervous system; DEGs, differentially expressed genes;
FDR, false discovery rate; FPKM, fragments per kilobase of exon model per
million reads mapped; GO, gene ontology; GO-BP, gene ontology biological
process; GO-CC, gene ontology cellular component; GO-MF, gene ontology
molecular function; GSEA, gene set enrichment analysis; HISAT, hierarchical
indexing for spliced alignment of transcripts; KEGG, Kyoto Encyclopedia of
Genes and Genomes; KO, knockout; MSigDB, Molecular Signatures Database;
NES, normalized enrichment score; NGS, next-generation sequencing; qRT-PCR,
quantitative real-time polymerase chain reaction; RNA-Seq, whole transcriptome
sequencing; RSEM, RNA-Seq by expectation-maximization; SZDB, schizophrenia
database; WT, wildtype.

neurological disorders (Budagian et al., 2006; He et al., 2010a;
Loro et al., 2015). In this study, we sought a holistic view of
the potential molecular mechanisms or pathways within the
brain affected by the deletion of IL-15Rα. With the help of
NGS technology, we studied the transcriptome in the cortex and
hippocampus of IL15Rα−/− mice. GSEA was used to explore
common mechanisms of the two brain regions, with validation by
qRT-PCR. In addition, we describe connections among enriched
pathways and cluster them into three themes.

MATERIALS AND METHODS

Animal Maintenance
Male IL15Rα−/− mice were purchased from the Jackson
Laboratory (003723) and were crossed to C57BL/6 females from
Beijing Charles River Laboratories. After six generations of
reproduction, heterozygous mice were identified and maintained
for the next experiments. All mice were housed under 12/12 h
light/dark conditions with free access to food and water in
the animal facility of Capital Medical University. Littermate
homozygous mice were obtained by pairing heterozygous mice.
Genotyping was performed to differentiate IL15Rα−/− mice
from WT animals. All experiments were conducted under 3R
principles (reducing, reusing, and recycling) according to local
ethical and safety rules. Animal work was approved by the Animal
Use and Care Committee at Capital Medical University.

Animal Behavior Observations in a
Y-Maze
The Y-maze (470 × 160 × 460 mm) consisted of three arms
(start arm, novel arm, and the other arm) at an angle of
120◦ to each other, interconnected by a central zone. Mice
underwent two trials: (1) with the novel arm blocked, mice
were introduced to the start arm and allowed to freely explore
the start arm and other arm for 10 min and (2) after a 1-h
interval, mice were placed into the start arm again and had
access to the start arm, novel arm, and other arm for 5 min.
All trials were conducted in the same environment without
human interference. The Y-maze was cleaned with a 5% alcohol
solution between each trial to eliminate possible biasing effects
from odor cues left behind. All trials were recorded by the
camera above the maze, and subsequent video recordings were
analyzed by the Supermaze animal behavior analysis system.
Two-tailed unpaired Student’s t-tests were applied using IBM
SPSS Statistics for statistical data analysis, with p-value < 0.05
considered significant.

Total RNA Extraction and Library
Construction
The cortex and hippocampus were microdissected from 3-
month-old IL15Rα−/− and WT brains (n = 3) and then
soaked and stored in TRIzol Reagent (Invitrogen, Catalog
15596026). RNA extraction was conducted according to the
manufacturer’s instructions and quantification was performed
using Qubit (Invitrogen). Library construction and sequencing
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were conducted by Igenecode Technology, Beijing, China.
Following the manufacturer’s instructions, mRNA was captured
and isolated by magnetic beads coupled with Oligo (dT).
The fragmented mRNA was then converted into double-
stranded (ds) cDNA, ligated with a sequencing adapter, and
amplified by PCR.

RNA Sequencing
After RNA quality control, RNA-seq was carried out with the
HiSeq sequencing strategy using the Illumina second-generation
high-throughput sequencing platform. Low-quality data were
removed, and subsequently the filtered reads were aligned to
the Mus musculus genome (GRCm38) using HISAT (Kim et al.,
2015). The mapped reads were counted and converted to FPKM
(Mortazavi et al., 2008) by RSEM (Li and Dewey, 2011).

Correlation Analysis
Biological replicate samples were grouped into one module in
which FPKMs of each gene were averaged. The processed data
were imported into GraphPad Prism and subjected to linear
regression and Pearson correlation analysis, comparing cortex
and hippocampus in both mutant and control groups.

Differential Gene Expression Analysis
and qRT-PCR Validation
The matrix including raw counts from mutant and control
groups was imported into R (v.3.6.3). The DESeq2 (Love et al.,
2014, 2) (v.1.26.0) package was applied to analyze whether the
expression pattern had changed due to IL15Rα KO and to identify
significantly up-/downregulated genes in cortex or hippocampus.
Only genes with an absolute value of log2 (fold change) ≥ 1 and
p-value < 0.05 were regarded as differentially expressed between
mutant and control groups.

Quantitative real-time PCR (qRT-PCR) was performed
to evaluate and validate the expression pattern of DEGs
in the cortex and hippocampus (Supplementary Table S1).
cDNA was synthesized using the cDNA Reverse Transcription
Kit (TIANGEN). All reactions were run in duplicate PCR
amplification cycles in a real-time PCR instrument ABI7500
(ABI). Target mRNA was quantified relative to the β-actin
gene as a reference molecule and analyzed with two-tailed
unpaired Student’s t-tests to assess statistical significance of gene
expression levels between the IL15Rα−/− and control groups in
cortex or hippocampus.

Gene Set Enrichment Analysis
Pathway enrichment analysis was implemented in the GSEA
software (v.4.0.3) by comparing expression patterns between
the IL15Rα−/− and control groups. Annotated gene sets were
downloaded from the MSigDB (Liberzon et al., 2011) and
included H (Hallmark gene sets) (Liberzon et al., 2015), KEGG
(KEGG subset of CP), BP (GO biological process), CC (GO
cellular component), and MF (GO molecular function). Only
pathways with nominal p-values < 0.05 in both cortex and
hippocampus were taken into consideration. The subsets were
visualized by bubble diagrams created in R (v.3.6.3). Overlapped

matrix of subsets was uploaded into Circos (Krzywinski et al.,
2009) (v.0.63-91) to perform online visualization.

Network Visualization and Analysis
To construct a union enrichment map, both cortex and
hippocampus data were imported into Cytoscape (Doncheva
et al., 2019) (v3.8.0) software and clusters were obtained after
pruning the merged networks. ClusterMaker2 (Morris et al.,
2011) (v.1.3.1) and AutoAnnotate (Kucera et al., 2016) (v.1.3.3)
plugins helped to build clusters based on the topological structure
of visualized networks and a summary of these annotations was
generated by the WordCloud (Oesper et al., 2011) (v.3.1.3) plugin
as a tag cloud over the clusters.

RESULTS

IL15Rα expression data from brains of both schizophrenia
patients and healthy controls were extracted from the SZDB
database (Supplementary Table S2) (Wu et al., 2017). There
is a significant association of hippocampal IL15Rα expression
with schizophrenia (p = 8.32 × 10−5), with a significant FDR
(p = 0.01046). Schizophrenia patients seem to have higher
IL15Rα expression levels in the hippocampus than controls
(Supplementary Figure S1).

The Y-maze test was chosen for behavioral testing to assess
cognitive functions of mice after IL15Rα KO. Utilizing the innate
tendency to explore a novel environment (Deacon and Rawlins,
2006), we recorded the distance, time, speed, and entrance
frequency in each arm, respectively. IL15Rα−/− mice showed a
higher speed in the novel arm (Figure 1A) and more entrance
frequency in the old arm (Figure 1E). With regard to the total
arm (novel arm, start arm, and other arm), the two groups
showed no significant difference in speed or entrance frequency
(Figures 1C,F).

Next, we extracted total RNA samples from cortex and
hippocampus in adult WT control and IL15Rα KO mice.
Transcriptional profiles were assessed by NGS RNA-seq. After
data quality control, we compared expression patterns between
cortex and hippocampus in both the IL15Rα−/− group
(Figure 2A) and control group (Figure 2B), which showed
Pearson’s correlations of 0.9648 and 0.9691, respectively. This
finding reveals similar expression patterns between cortex and
hippocampus. Therefore, we compared enrichment outcomes of
cortex and hippocampus and selected overlapping features for
further analysis in the following steps, to provide explanations of
transformation in these two brain regions.

DEG Identification and qPCR Validation
Compared with control mice, 28 genes were expressed
differentially in the IL15Rα−/− group in the cortex and
22 in the hippocampus, with FDR < 0.05 for both—these
included nine upregulated and 19 downregulated genes or
nine upregulated and 13 downregulated genes, respectively
(Figure 3A). DEGs were listed (Supplementary Table S3),

1http://circos.ca/
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FIGURE 1 | Speed and entrance frequency behavior abnormalities after IL15Rα knockout. (A) Histogram presents the average speed of IL15Rα mice and wildtype
mice in novel arm. (B) Histogram summarizes the average speed of IL15Rα mice and wildtype mice in old arm (start arm and the other arm). (C) Histogram reveals
the average speed of IL15Rα mice and wildtype mice in total arm (novel arm, start arm, and the other arm). (D) Histogram presents the entrance frequency of
IL15Rα mice and wildtype mice in novel arm. (E) Histogram summarizes the entrance frequency of IL15Rα mice and wildtype mice in old arm (start arm and the
other arm). (F) Histogram reveals the entrance frequency of IL15Rα mice and wildtype mice in total arm (novel arm, start arm, and the other arm). Average speed is
computed from total distance traveled in certain region divided by total time in certain region. The results are depicted as the mean ± SD from eight biological
replicates in IL15Rα group and 12 biological replicates in control group. The level of significance is calculated by two-tailed unpaired Student’s t-test. *p < 0.05.

FIGURE 2 | Correlation of RNA expression profiles between cortex and hippocampus. Cortex and hippocampus are computed for sample correlation by Pearson’s
correlation analysis in IL15Rα−/− group (A) and control group (B), respectively. Pearson’s correlation coefficient is represented by R2 values.

and 11 interesting listed genes were chosen to validate the
transcript sequencing results, including three genes in the
cortex and eight in the hippocampus. Expression changes were
detected by qPCR using reverse transcript cDNA from total
RNA samples (Figures 3B–L). These 11 genes are involved in
lipid metabolism, oligodendrocytic function, GTP binding, and
cytoskeletal function. The results demonstrate that transcription
levels of Gem, Opalin, and Pllp are downregulated in the
cortex and Arc, Egr4, Fos, Fosb, Dsp, Npas4, and Junb are
downregulated and Plin4 upregulated in the hippocampus.
Quantitative PCR analysis was in accordance with the NGS
results (Supplementary Tables S3, S4).

GSEA Generated Gene Set Enrichment
and Functional Annotation
As a computational method that determines whether a defined
set of genes shows statistically significant concordant differences
between two biological states, GSEA focuses on groups of
genes that share common biological function or regulation
(Subramanian et al., 2005). We chose three widespread and
frequently used gene sets from MSigDB, namely, Hallmark,
GO, and KEGG gene sets for further enrichment analyses by
GSEA. The procedure was performed in cortex and hippocampus
separately and the overlap region identified with the criteria
p-value < 0.05. In total, 625 pathways were identified as
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FIGURE 3 | DEG analysis in cortex and hippocampus and qRT-PCR validation of certain DEGs. (A) Stacked diagram reveals the amount of up-/downregulated
DEGs in cortex and hippocampus. The genes with absolute value of log2 (fold change) ≥ 1 and p-value < 0.05 between IL15Rα−/− group and control group are
defined as DEGs. DEGs possessing log2(fold change) > 0 are considered to be significantly upregulated, whereas the other are significantly downregulated. (B–I) Six
DEGs (Plin4, Arc, Egr4, Fos, Fosb, and Junb) in hippocampus are evaluated to be differently expressed between IL15Rα−/− group and control group by qRT-PCR.
(J–L) Three DEGs (Gem, Opalin, and Pllp) in cortex are validated to be differently expressed between IL15Rα−/− group and control group by qRT-PCR. Expression
is determined by the relative quantification method with β-actin gene as internal reference. Relative mRNA expression is calculated from three biological replicates
and depicted as the mean ± SD after normalizing to average expression in control group. The level of significance is calculated by two-tailed unpaired Student’s
t-test. *p < 0.05; **p < 0.01; ***p < 0.001.

downregulated and 565 as upregulated in the three pre-defined
gene sets (Figures 4A,B). Based on previous studies, IL-15 shares
many biological properties with interleukin-2 (IL-2) (Grabstein
et al., 1994). Furthermore, IL15Rα and IL2Rα are tightly linked
in both mouse and humans with respect to gene size and
organization (Anderson et al., 1995; Tagaya et al., 1996). In

accordance with an expectation of a compensation mechanism,
significantly overlapping upregulated enriched pathways were
mapped to the regulation, biosynthesis, or production of
IL-2 and inflammatory response or negative regulation of
immune system processes (Supplementary Table S5). Next,
we confirmed four existing representative enriched pathways
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FIGURE 4 | Gene set enrichment analyses in cortex and hippocampus and the intersection of the enriched pathways. (A,B) Venn diagram depicts the amount of
significantly up-/downregulated pathways with nominal p-value < 0.05 in the cortex or hippocampus of IL15Rα−/− samples. Enriched pathways are retrieved from
following sets of genes: H (Hallmark gene sets), KEGG (KEGG subset of CP), BP (GO biological process), CC (GO cellular component), and MF (GO molecular
function). Overlapped areas in the diagram count the commonly contributing pathways in both cortex and hippocampus. (C) Enrichment plot provides a graphical
view of the enrichment score for pathways chosen from downregulated overlapped pathways. (D) Bubble diagram conveys the core characters of certain pathways
in cortex. (E) Bubble diagram presents the state of certain pathways in hippocampus. The shape, color, and abscissa value of points indicate the category of gene
sets, magnitude of nominal p-value, and normalized enrichment score, respectively. Pathways are selected from overlapped downregulation.
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based on the aforementioned results: coenzyme biosynthetic
process, oxidoreductase activity acting on NADPH quinone
or similar compound as acceptor, regulation of cholesterol
biosynthetic process, and cholesterol homeostasis. Both cortex
and hippocampus showed significant enrichment at the head
of the targeted gene sets with NES < −1 (Figure 4C). In the
next section, we concentrated our attention on overlapping
downregulated enriched pathways and cluster terms of both
cortex and hippocampus were identified (Figures 4D,E).
A total of 18 downregulated pathways were composed of
11 GO-BP ontology, two GO-CC ontology, two GO-MF
ontology pathways, two Hallmark pathways, and one KEGG
pathway (Supplementary Table S5). For the IL15Rα−/− group,
cortex showed highly NES terms on cholesterol homeostasis
(Hallmarks), skeletal muscle cell differentiation (GO-BP), and
regulation of steroid or cholesterol biosynthetic or metabolic
process (GO-BP) (Figure 4D). At the same time, pathways
related to catalysis of an oxidation–reduction reaction in NADH
or NADPH (GO-MF), respiratory chain activity (GO-CC), and
cholesterol homeostasis (Hallmarks) were markedly enriched in
the hippocampus (Figure 4E).

Overlapped Pathways Connection
Analysis and Unified Construction of
Enrichment Map
To make a specific cross-examination between the 18 overlapped
pathways in cortex and hippocampus, we defined a new gene
set composed of these gene set names and specific continents
from MSigDB of the BROAD Institute (Liberzon et al., 2011,
0). To extract the core members of the chosen pathways
and explore connections between them, leading-edge analysis
was used to grasp leading-edge subsets. The link intensity
among the 18 pathways was drawn based on the similarity of
contributors. Cortex (Figure 5A) and hippocampus (Figure 5B)
showed analogous connection patterns within the 18 pathways
but differed when analyzed in detail. There were complicated
connections of different strengths (represented by width of the
lines) in the circle, showing close or alienated relationships
among pathways. Both cortex and hippocampus samples revealed
dense connections from TNF-α signaling via NFκB pathways and
many others. For the respiration-related and electron transport
pathways, such as respirasome, respiratory chain complex, or
NADPH dehydrogenase activity, hippocampus samples had
more connective links with cofactor biosynthetic process and
coenzyme biosynthetic process. Another difference is a larger
connection weight between sterol biosynthetic with regulation of
cholesterol biosynthetic and metabolic process, in cortex samples.

Designed for visualization networks among enriched
pathways, “enrichment map” is a cytoscape plugin that has
erected a bridge between GSEA software and cytoscape. An
enrichment map helps to identify interesting pathways and
themes (Reimand et al., 2019). Here, we detected clusters of
enriched pathways based on the visualized enrichment map
of the 18 pathways (Figure 5C). The largest cluster, labeled
“respiratory chain and electron transport,” was composed of
five pathways, followed by the second biggest cluster labeled

“regulation steroid process” and the last cluster labeled “skeletal
muscle development.”

DISCUSSION

With an extensive number of genes reported to be associated
with various diseases, the genetic mechanisms of neurological
abnormalities are regarded as highly heterogeneous.
Accumulated evidence confirms that IL15Rα insufficiency
results in several disorders, including but not limited to
immunodeficiency, skeletal muscle variation, and a series of
neurological symptoms (Lodolce et al., 1998; He et al., 2010a,b;
Pan et al., 2013; O’Connell et al., 2015). In this study, we
first performed Y-maze tests to examine mouse behavioral
properties after IL15Rα KO. Y-maze is a behavioral test based
on the willingness of rodents to explore new environments. The
task-involved brain regions include the hippocampus, septum,
basal forebrain, and prefrontal cortex. Overall, IL15Rα−/−

mice showed a little higher speed and a little more entrance
frequency (without significance) throughout the testing process
(Figures 1C,F). However, IL15Rα−/− mice moved faster in
the novel arm (Figure 1A) and moved equally in the old arm
(Figure 1B). Although previous studies have demonstrated that
lack of IL15Rα influences muscle mitochondrial structure and
function and results in improvement of athletic performance
(Loro et al., 2018), IL15Rα−/− mice only exhibited higher speed
in novel environments without the old arm. We suppose this was
due to the high neuroexcitability that brings greater alertness in
the new environment, rather than changes in skeletal muscle.
In addition, compared with the similar entrance frequency of
the novel arm (Figure 1D), IL15Rα−/− mice return to the old
arm more frequently (Figure 1E). Mice are born with curiosity
to explore new environments and the Y-maze test is designed to
detect it. In a former anxiety evaluation trial, IL15Rα KO mice
showed reduced anxiety both in the open field test and elevated
plus maze test (Wu et al., 2010). Among the identified DEGs, the
immediate–early gene Arc was reported as dynamically regulated
in the hippocampus (Guzowski et al., 2006). An increase of Arc
has been observed in the fear memory (Clifton et al., 2017).
In this study, the expression of Arc was found to decrease in
IL15Rα KO mice, supporting the behavior with less anxiety. The
increasing curiosity may result in a higher speed in the novel
arm, and the lowered anxiety may bring mice more frequently
returning to the old arm, similar to the increase in the inner grids
crossed in the open field test. Our previous study discovered
that the IL15Rα KO mice did worse in memory retention than
the controls 1 week after the initial trial by stone 14-unit T-maze
(He et al., 2010a). However, mouse performance in a Y-maze
indicated no deficit in short-term memory after 1 h of the initial
trial. The difference between the two experiments may be due to
the time interval after training, the different rationale of the two
experiments, or to genetic differences. Next, we aimed to explore
mechanisms of neurological abnormality in IL15Rα insufficiency
and identify new gene sets and pathways in IL15Rα−/− mouse
brain. Three-month-old male littermate mice housed in a barrier
environment were selected to exclude interference from genetic
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FIGURE 5 | Leading-edge analysis of downregulated overlapped pathways. (A) Circos diagram presents a circular visualization of connection patterns in cortex
within the 18 pathways chosen from overlapped downregulation. (B) Circos diagram utilizes a circular layout to facilitate the display of interaction patterns in
hippocampus within the 18 pathways chosen from overlapped downregulation. The width of line represents various degrees to the relevance among pathways.
(C) Enrichment networks reveal the important clusters achieved from the 18 overlapped downregulated gene sets. The pathways in circles represent the functionally
associated sub-modules in the overall networks based on the topological structures, with the functional annotation displayed above.

background, age, and feeding conditions. This can ensure a
more reliable analysis of differences caused by IL15Rα deletion
compared with WT gene transcription. Our analysis clearly
demonstrates that the cortex and hippocampus response to
IL15Rα deletion involves alterations in multiple pathways related
to the respiratory chain, along with electron transport, regulation
of steroid processes, skeletal muscle development, and regulation
and biosynthesis or production of IL-2.

High-throughput sequencing technology can produce big
data but has the disadvantage of inaccuracy. To verify the
transcriptome results, qRT-PCR was used to quantitate the
expression levels of 11 DEGs (Supplementary Tables S3, S4).
Among our validated DEGs, Fos is a family of transcription
factors consisting of four members: FOS, FOSB, FOSL1, and
FOSL2. The Fos family is involved in biological processes
including neurogenesis, neuron differentiation, and neuron
development. Npas4 is also a kind of transcriptional regulator,
which is involved in a wide range of physiologic and
developmental events (Ooe et al., 2004). Egr1, Egr2, and Egr4
belong to the Egr family of transcriptional regulatory factors,
which is implicated in neuronal plasticity. These identified

abnormalities in transcription factors indicated an association
with numerous mental health disorders in IL15Rα KO mice,
including less anxiety or the memory disorders. Subsequently,
GSEA was utilized to assist analysis and interpretation of
the long lists of gene expression data into more easily
interpretable biological pathways (Powers et al., 2018). Both
cortex and hippocampus have been widely reported to be
involved in psychosis, including autism and schizophrenia
(Schultz and Andreasen, 1999; Carper and Courchesne, 2005;
Duan et al., 2020). Exploring the transcriptomic changes in
these organs in the IL15Rα insufficiency mouse model will help
to achieve a better understanding of the molecular pathways
involved in this disease and benefit future novel diagnosis and
treatment methods.

Our GSEA screening characterized the alterations of
expression profiles and identified overlapping pathways enriched
in both cortex and hippocampus (Figure 4). We found that
skeletal muscle organ development and cell differentiation in
the two brain regions were enriched, consistent with previous
studies (Loro et al., 2018). Another enrichment module was
related to steroid processes, including regulation of steroid
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biosynthesis and metabolism, and cholesterol biosynthetic and
metabolic processes. Sterol lipids are an essential class of lipids
in all mammals, synthesized in many forms with the major
form being cholesterol, and are of particular importance to
the brain (Tracey et al., 2018). Abnormal lipid metabolism
has been identified as hallmarks of neurodevelopmental and
neurodegenerative disorders (Hebbar et al., 2017), for example,
dysfunction in lipid metabolism and clearance were observed to
be implicated in Alzheimer’s disease pathogenesis (Di Paolo and
Kim, 2011; Visan, 2017). Considering the fact that neurons have
a lower capacity for cholesterol synthesis (Zhang and Liu, 2015),
sterol or cholesterol disorders may induce abnormalities in the
brain. Cholesterol synthesis or metabolism requires acetyl CoA
and electron input at multiple steps, utilizing both NADH and
NADPH as the electron source (Porter, 2015). Indeed, this was
exactly the pathway we enriched (Figures 4C–E) accompanied
by steroid processes pathways. Furthermore, the pathway cluster
of chain and electron transport involved in respiratory was also
enriched (Figure 5C).

There were also some findings to be revisited. Steroid
and cholesterol biosynthetic and metabolic pathway was more
enriched in cortex than hippocampus in IL15Rα−/− mice
(Figure 5A), whereas the pathway related to respiratory chain or
electron transfer showed more prominence in the hippocampus
(Figure 5B). More downregulated pathways were enriched in the
cortex; by contrast, more upregulated pathways were enriched in
the hippocampus (Figures 4A,B). These subtle differences may
indicate divergence of mechanisms in the two brain regions,
which is worth further investigation in future research.

To summarize, we analyzed gene expression patterns in
IL15Rα KO mice by RNA-seq and validated some of the DEGs by
qPCR. Transcriptional changes in overlapping pathways emerged
and clustered into three groups. The data from IL15Rα−/− mice
led us to propose that sterol biosynthetic and metabolic in the
brain may be a key factor in schizophrenia-like etiology.
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of IL-15 and IL-15 receptor isoforms in select structures of human fetal
brain. Ann. N. Y. Acad. Sci. 966, 441–445. doi: 10.1111/j.1749-6632.2002.tb0
4245.x

Lee, Y. B., Satoh, J., Walker, D. G., and Kim, S. U. (1996). Interleukin-15 gene
expression in human astrocytes and microglia in culture. Neuroreport 7, 1062–
1066. doi: 10.1097/00001756-199604100-00022

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinform. 12:323.
doi: 10.1186/1471-2105-12-323

Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J. P.,
and Tamayo, P. (2015). The molecular signatures database (MSigDB)
hallmark gene set collection. Cell Syst. 1, 417–425. doi: 10.1016/j.cels.2015.
12.004

Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdóttir, H.,
Tamayo, P., and Mesirov, J. P. (2011). Molecular signatures database
(MSigDB) 3.0. Bioinformatics 27, 1739–1740. doi: 10.1093/bioinformatics/
btr260

Lodolce, J. P., Boone, D. L., Chai, S., Swain, R. E., Dassopoulos, T., Trettin, S.,
et al. (1998). IL-15 receptor maintains lymphoid homeostasis by supporting
lymphocyte homing and proliferation. Immunity 9, 669–676. doi: 10.1016/
s1074-7613(00)80664-0

Loro, E., Bisetto, S., and Khurana, T. S. (2018). Mitochondrial ultrastructural
adaptations in fast muscles of mice lacking IL15RA. J. Cell. Sci. 131, jcs218313.
doi: 10.1242/jcs.218313

Loro, E., Seifert, E. L., Moffat, C., Romero, F., Mishra, M. K., Sun, Z., et al.
(2015). IL-15Rα is a determinant of muscle fuel utilization, and its loss protects
against obesity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 309, R835–R844.
doi: 10.1152/ajpregu.00505.2014

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550.
doi: 10.1186/s13059-014-0550-8

Morris, J. H., Apeltsin, L., Newman, A. M., Baumbach, J., Wittkop, T., Su, G., et al.
(2011). clusterMaker: a multi-algorithm clustering plugin for Cytoscape. BMC
Bioinform. 12:436. doi: 10.1186/1471-2105-12-436

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B. (2008).
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat.
Methods 5, 621–628. doi: 10.1038/nmeth.1226

O’Connell, G., Guo, G., Stricker, J., Quinn, L. S., Ma, A., and Pistilli, E. E. (2015).
Muscle-specific deletion of exons 2 and 3 of the IL15RA gene in mice: effects on
contractile properties of fast and slow muscles. J. Appl. Physiol. 118, 437–448.
doi: 10.1152/japplphysiol.00704.2014

Oesper, L., Merico, D., Isserlin, R., and Bader, G. D. (2011). WordCloud: a
Cytoscape plugin to create a visual semantic summary of networks. Source Code
Biol. Med. 6, 7. doi: 10.1186/1751-0473-6-7

Ooe, N., Saito, K., Mikami, N., Nakatuka, I., and Kaneko, H. (2004). Identification
of a novel basic helix-loop-helix-PAS factor, NXF, reveals a Sim2 competitive,
positive regulatory role in dendritic-cytoskeleton modulator drebrin gene
expression. Mol. Cell Biol. 24, 608–616. doi: 10.1128/mcb.24.2.608-616.
2004

Pan, W., Wu, X., He, Y., Hsuchou, H., Huang, E. Y.-K., Mishra, P. K., et al. (2013).
Brain interleukin-15 in neuroinflammation and behavior. Neurosci. Biobehav.
Rev. 37, 184–192. doi: 10.1016/j.neubiorev.2012.11.009

Pan, Y., Wang, Z., Zhang, G., Guo, J., Zhu, X., Zhou, J., et al. (2019).
Schizophrenia patient shows a rare interleukin 15 receptor alpha variant
disrupting signal transduction. Curr. Mol. Med. 19, 560–569. doi: 10.2174/
1566524019666190617172054

Porter, T. D. (2015). Electron transfer pathways in cholesterol synthesis. Lipids 50,
927–936. doi: 10.1007/s11745-015-4065-1

Powers, R. K., Goodspeed, A., Pielke-Lombardo, H., Tan, A.-C., and Costello, J. C.
(2018). GSEA-InContext: identifying novel and common patterns in expression
experiments. Bioinformatics 34, i555–i564. doi: 10.1093/bioinformatics/
bty271

Reimand, J., Isserlin, R., Voisin, V., Kucera, M., Tannus-Lopes, C., Rostamianfar,
A., et al. (2019). Pathway enrichment analysis and visualization of omics
data using g:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat. Protoc. 14,
482–517. doi: 10.1038/s41596-018-0103-9

Schultz, S. K., and Andreasen, N. C. (1999). Schizophrenia. Lancet 353, 1425–1430.
doi: 10.1016/s0140-6736(98)07549-7

Steinberg, H., Kirkby, K. C., and Himmerich, H. (2015). The historical
development of immunoendocrine concepts of psychiatric disorders and
their therapy. Int. J. Mol. Sci. 16, 28841–28869. doi: 10.3390/ijms16122
6136

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A.
102, 15545–15550. doi: 10.1073/pnas.0506580102

Tagaya, Y., Burton, J. D., Miyamoto, Y., and Waldmann, T. A. (1996). Identification
of a novel receptor/signal transduction pathway for IL-15/T in mast cells.
EMBO J. 15, 4928–4939.

Tracey, T. J., Steyn, F. J., Wolvetang, E. J., and Ngo, S. T. (2018).
Neuronal lipid metabolism: multiple pathways driving functional outcomes
in health and disease. Front. Mol. Neurosci. 11:10. doi: 10.3389/fnmol.2018.
00010

Upthegrove, R., Manzanares-Teson, N., and Barnes, N. M. (2014). Cytokine
function in medication-naive first episode psychosis: a systematic review

Frontiers in Neuroscience | www.frontiersin.org 10 February 2021 | Volume 14 | Article 58227981

https://doi.org/10.1038/nrn3012
https://doi.org/10.1038/nrn3012
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1002/aur.2240
https://doi.org/10.1126/science.8178155
https://doi.org/10.1126/science.8178155
https://doi.org/10.1073/pnas.0505519103
https://doi.org/10.1073/pnas.0505519103
https://doi.org/10.1074/jbc.272.46.28853
https://doi.org/10.1523/JNEUROSCI.6160-09.2010
https://doi.org/10.1523/JNEUROSCI.6160-09.2010
https://doi.org/10.1007/s12031-009-9319-z
https://doi.org/10.1007/s12031-009-9319-z
https://doi.org/10.1091/mbc.E16-09-0674
https://doi.org/10.1007/s40273-016-0444-6
https://doi.org/10.1016/s0920-9964(01)00334-6
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.12688/f1000research.9090.1
https://doi.org/10.1111/j.1749-6632.2002.tb04245.x
https://doi.org/10.1111/j.1749-6632.2002.tb04245.x
https://doi.org/10.1097/00001756-199604100-00022
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1016/s1074-7613(00)80664-0
https://doi.org/10.1016/s1074-7613(00)80664-0
https://doi.org/10.1242/jcs.218313
https://doi.org/10.1152/ajpregu.00505.2014
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1152/japplphysiol.00704.2014
https://doi.org/10.1186/1751-0473-6-7
https://doi.org/10.1128/mcb.24.2.608-616.2004
https://doi.org/10.1128/mcb.24.2.608-616.2004
https://doi.org/10.1016/j.neubiorev.2012.11.009
https://doi.org/10.2174/1566524019666190617172054
https://doi.org/10.2174/1566524019666190617172054
https://doi.org/10.1007/s11745-015-4065-1
https://doi.org/10.1093/bioinformatics/bty271
https://doi.org/10.1093/bioinformatics/bty271
https://doi.org/10.1038/s41596-018-0103-9
https://doi.org/10.1016/s0140-6736(98)07549-7
https://doi.org/10.3390/ijms161226136
https://doi.org/10.3390/ijms161226136
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.3389/fnmol.2018.00010
https://doi.org/10.3389/fnmol.2018.00010
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-582279 January 28, 2021 Time: 17:59 # 11

He et al. RNA-Seq of IL15Rα Knockout Mice

and meta-analysis. Schizophr. Res. 155, 101–108. doi: 10.1016/j.schres.2014.
03.005

Visan, I. (2017). Alzheimer’s disease microglia. Nat. Immunol. 18, 876. doi: 10.1038/
ni.3802

Willerford, D. M., Chen, J., Ferry, J. A., Davidson, L., Ma, A., and Alt, F. W.
(1995). Interleukin-2 receptor alpha chain regulates the size and content of the
peripheral lymphoid compartment. Immunity 3, 521–530. doi: 10.1016/1074-
7613(95)90180-9

Wu, X., He, Y., Hsuchou, H., Kastin, A. J., Rood, J. C., and Pan, W.
(2010). Essential role of interleukin-15 receptor in normal anxiety
behavior. Brain Behav. Immun. 24, 1340–1346. doi: 10.1016/j.bbi.2010.
06.012

Wu, Y., Yao, Y.-G., and Luo, X.-J. (2017). SZDB: a database for schizophrenia
genetic research. Schizophr. Bull. 43, 459–471. doi: 10.1093/schbul/sbw102

Zhang, J., and Liu, Q. (2015). Cholesterol metabolism and homeostasis in the brain.
Protein Cell 6, 254–264. doi: 10.1007/s13238-014-0131-3

Conflict of Interest: WP was employed by the company BioPotentials Consult.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The reviewer XW declared a past co-authorship with several of the authors YH, ZS,
JY, AK, and WP to the handling editor.

Copyright © 2021 He, Yu, Li, Duan, Sun, Yang, Kastin, Pan, Zhang and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 11 February 2021 | Volume 14 | Article 58227982

https://doi.org/10.1016/j.schres.2014.03.005
https://doi.org/10.1016/j.schres.2014.03.005
https://doi.org/10.1038/ni.3802
https://doi.org/10.1038/ni.3802
https://doi.org/10.1016/1074-7613(95)90180-9
https://doi.org/10.1016/1074-7613(95)90180-9
https://doi.org/10.1016/j.bbi.2010.06.012
https://doi.org/10.1016/j.bbi.2010.06.012
https://doi.org/10.1093/schbul/sbw102
https://doi.org/10.1007/s13238-014-0131-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fgene-12-553974 February 15, 2021 Time: 18:33 # 1

ORIGINAL RESEARCH
published: 19 February 2021

doi: 10.3389/fgene.2021.553974

Edited by:
Elena Martín-García,

Pompeu Fabra University, Spain

Reviewed by:
Gilberto Vargas Alarcón,

Instituto Nacional de Cardiologia
Ignacio Chavez, Mexico

Aurelijus Burokas,
Vilnius University, Lithuania

*Correspondence:
Bin Zhao

binzhaoe@sohu.com
Wangtao Zhong

zhongwangtao512@aliyun.com
Keshen Li

likeshen1971@126.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Behavioral and Psychiatric Genetics,
a section of the journal

Frontiers in Genetics

Received: 20 April 2020
Accepted: 15 January 2021

Published: 19 February 2021

Citation:
Tao H, Zhou X, Chen J, Zhou H,

Huang L, Cai Y, Fu J, Liu Z, Chen Y,
Sun C, Zhao B, Zhong W and Li K

(2021) Genetic Effects of the
Schizophrenia-Related Gene DTNBP1

in Temporal Lobe Epilepsy.
Front. Genet. 12:553974.

doi: 10.3389/fgene.2021.553974

Genetic Effects of the
Schizophrenia-Related Gene
DTNBP1 in Temporal Lobe Epilepsy
Hua Tao1,2†, Xu Zhou2†, Jun Chen1, Haihong Zhou1, Lidan Huang2, Yujie Cai2, Jiawu Fu1,
Zhou Liu2, Yanyan Chen2, Chaowen Sun1, Bin Zhao2* , Wangtao Zhong1* and
Keshen Li3,4*

1 Department of Neurology, Affiliated Hospital of Guangdong Medical University, Zhanjiang, China, 2 Guangdong Key
Laboratory of Age-related Cardiac and Cerebral Diseases, Guangdong Medical University, Zhanjiang, China, 3 Institute
of Neurology, Guangdong Medical University, Zhanjiang, China, 4 Neurology and Neurosurgery Division, Stroke Center,
The First Affiliated Hospital, Clinical Medicine Research Institute, Jinan University, Guangzhou, China

Recent studies have reported patients who concurrently exhibit conditions of epilepsy
and schizophrenia, indicating certain shared pathologies between them. This study
aimed to investigate the genetic effects of the schizophrenia-related gene DTNBP1 in
temporal lobe epilepsy (TLE). A total of 496 TLE patients and 528 healthy individuals
were successfully genotyped for six DTNBP1 polymorphisms (rs760665, rs1011313,
rs2619528, rs2619522, rs909706, and rs2619538), including 335 TLE patients and 325
healthy controls in cohort 1, and 161 TLE patients and 203 healthy controls in cohort 2.
The frequency of the TT genotype at rs909706 T > C was lower in TLE patients than in
normal controls in the initial cohort (cohort 1), which was confirmed in an independent
cohort (cohort 2). However, the intronic T allele failed to be in linkage disequilibrium
(LD) with any functional variations nearby; thus, together with the CCAC and TCAT
haplotypes (rs1011313-rs2619528-rs2619522-rs909706) observed in the study, this
allele acts only as a protective factor against susceptibility to TLE. Meanwhile, a novo
mutant allele rs2619538 T > A was exclusively observed in TLE patients, and a dual-
luciferase assay revealed that the mutant allele was increased by approximately 22%
in the DTNBP2 promoter compared with the wild-type allele. Together with the trend
of increasing DTNBP1 expression in epilepsy patients and animal models in this study,
these are the first findings to demonstrate the genetic association of DTNBP1 with TLE.
Homozygous mutation of rs2619538 T > A likely promotes DTNBP1 expression and
facilitates subsequent processes in epilepsy pathologies. Thus, the role of DTNBP1 in
TLE deserves further exploration in the future.

Keywords: DTNBP1, schizophrenia, genetic mutation, temporal lobe epilepsy, polymorphism

INTRODUCTION

Epilepsy is a brain disorder characterized by recurrent seizures. Many gene mutations have been
identified via exon sequencing as being responsible for epileptic seizures; these genes involve
many ion and non-ion channels, such as KCNA2, KCNT1, GRIN2A, and CHD2 (He et al.,
2019). Nevertheless, epilepsy pathologies are difficult to fully identify, making the development of
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efficient therapies challenging. Thus, almost one-third of patients,
especially those with temporal lobe epilepsy (TLE), a main drug-
resistant epilepsy, still suffer from recurrent seizures because of
resistance to available treatments. Hence, more efforts should be
made to explore epilepsy pathologies, and disclosing epileptic
seizures in atypical conditions might be a novel strategy.

In clinical practice, typical symptoms of a disease are often
seen as complications due to other diseases, underscoring
certain shared mechanisms between them. Considering
this phenomenon, some previous studies have explored the
manifestation of epileptic seizures in Alzheimer’s disease and
found that insufficient expression of ADAM10 is a driving
force in epilepsy pathologies (Clement et al., 2008; Prox et al.,
2013). The prevalence of epileptic seizures in psychosis has also
attracted increased attention in recent years. According to a
retrospective cohort study based on the Oxford Record Linkage
Study and English national linked Hospital Episode Statistics,
patients admitted to the hospital with schizophrenia have an
elevated risk of epileptic seizures, and likewise, patients with
epilepsy have an elevated risk of schizophrenia (Wotton and
Goldacre, 2012). In addition, male adolescents with severe,
refractory epilepsy have a high risk of schizophrenia (Andersen
et al., 2019). Obviously, this evidence supports a bidirectional
relationship and some shared mechanisms between epilepsy
and schizophrenia.

Expanding experimental evidence supports the notion of
shared mechanisms between epilepsy and schizophrenia. For
example, Michelson et al. reported that familial partial trisomy
15q11-13 presented either as intractable epilepsy or as psychiatric
illness (Michelson et al., 2011), and Stewart et al. observed
that the frequency of copy number abnormalities and maternal
duplication 15q11-q13 in patients with combined schizophrenia
and epilepsy is significantly higher than in patients with
schizophrenia (Stewart et al., 2011). Furthermore, schizophrenia-
and epilepsy-related alterations were simultaneously observed
in a mouse model with a microdeletion within 15q13.3 (Fejgin
et al., 2014). Other studies revealed that abnormal expression
of CYFIP1, VRK2, and metabotropic glutamate 2/3 (mGlu2/3)
receptor is involved in both schizophrenia and epilepsy (Nebel
et al., 2016; Azimi et al., 2018).

The DTNBP1 gene encodes dystrobrevin binding protein 1,
which participates in organelle biogenesis, and recent evidence
indicates that it plays key roles in brain development, neuronal
excitability, and schizophrenia-related pathologies (Chen et al.,
2008; Saggu et al., 2013; Wang et al., 2017; Konopaske et al., 2018;
Mohamed et al., 2018), i.e., decreased expression of DTNBP1
was observed to reduce exocytosis of brain-derived neurotrophic
factor (BDNF) from cortical excitatory neurons. The reduction in
BDNF exocytosis resulted in a decreasing number of inhibitory
synapses located on excitatory neurons, while the application
of exogenous BDNF rescued these inhibitory synaptic deficits
(Yuan et al., 2016). Interestingly, the hippocampus is an enriched
region for DTNBP1 under normal conditions, and postmortem
studies have shown a decreased level of DTNBP1 expression
in the hippocampus of patients with schizophrenia (Wang
et al., 2017), indicating that decreased DTNBP1 is a pathological
condition in schizophrenia. Since the hippocampus is also crucial

in TLE pathologies characterized by deregulation of neuronal
excitability, it is likely that DTNBP1 plays a key role in both TLE
and schizophrenia.

Considering that single-nucleotide polymorphisms are among
the most important genetic variations that regulate gene
expression and subsequent biological activity, this study selected
candidate variations within the DTNBP1 gene region on the
basis of biological plausibility in previous research, including
rs2619522 involved in hippocampal gray matter volume (Trost
et al., 2013) and rs2619538 in volumes of both gray and white
matter (Tognin et al., 2011) in healthy subjects, rs760665 and
rs909706 involved in the hippocampal glutamate concentration
of healthy individuals (Wirth et al., 2012), and rs1011313
involved in volume reduction of multiple brain regions
(Thirunavukkarasu et al., 2014) and rs2619528 in prefrontal
function (Fallgatter et al., 2010) of schizophrenia patients. We
aimed to clarify the genetic effects of DTNBP1 in TLE based
on these six SNPs.

MATERIALS AND METHODS

Human Subject Enrollment
All experimental protocols involving human subjects were
approved by the Ethics Committees of the Affiliated Hospital
of Guangdong Medical University, The First Affiliated Hospital
of Harbin Medical University, the Central People’s Hospital
of Zhanjiang, the First People’s Hospital of Pingdingshan,
and Beijing Tongren Hospital affiliated with Capital Medical
University and were executed in accordance with the Declaration
of Helsinki. Informed consent documents were signed by
participants at the time of human subject enrollment.

A total of 335 TLE patients and 325 healthy controls from
the First Affiliated Hospital of Harbin Medical University, the
Affiliated Hospital of Guangdong Medical University and Beijing
Tongren Hospital affiliated with Capital Medical University were
consecutively enrolled in cohort 1. To confirm the initial statistics
observed in cohort 1, a validating cohort (cohort 2), including
161 TLE patients and 203 healthy controls from the First People’s
Hospital of Pingdingshan and the Central People’s Hospital of
Zhanjiang, was consecutively established. The human subjects
in both cohorts 1 and 2 were Han Chinese, and the combined
cohort (cohorts 1 + 2) was composed of 496 TLE patients and
528 healthy controls.

Gender, age, age at onset, and severity of disease (seizure
frequency and drug response) of all participants were recorded
via field investigation or telephone interviews. The inclusion
criteria for TLE were based on typical temporal auras and
temporal discharges at seizure onset observed by video-
electroencephalograph, and subjects who failed to be genotyped
were excluded from the study. According to the consensus about
drug-resistant epilepsy proposed in 2010 by the Commission
of the International League Against Epilepsy (Kwan et al.,
2010), the responses to drug treatments were grouped as
follows: drug-resistant patients are subjects with the absence of a
significant change, an insufficient reduction in seizure frequency
(<60%), or even an augmentation after 1 year treatment with a
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schedule of not less than two tolerated and properly collected
anti-epileptic medicines; the remaining were considered drug-
sensitive patients.

DNA Preparation and Genotyping
First, 2 ml peripheral blood samples were collected from
each human participant. DNA samples were extracted
from blood samples using a Genomic DNA Extraction
Kit (Tiangen Biotech, Beijing, China) and then used for
genotyping the six DTNBP1 SNPs (rs760665, rs1011313,
rs2619528, rs2619522, rs909706, and rs2619538) via an ABI
PRISM SNaPshot system (Applied Biosystems, Carlsbad, CA,
United States). The primers used in a multiplex polymerase
chain reaction (PCR) for the amplification of the six target
fragments (338, 354, 274, 164, 278, and 183 nucleotides,
respectively) were as follows: rs760665, 5′- cagccttggcctccaaacat-
3′ (forward primer) and 5′-ttagccccagaaatgttattgatttga-3′ (reverse
primer); rs1011313, 5′-ccagcatggagacgccaagt-3′ (forward primer)
and 5′-tctgaagccttgaacccctcaa-3′ (reverse primer); rs2619528, 5′-
tggttgcctgggatggagag-3′ (forward primer) and 5′-cgcactgaaacag
tcttttcccatt-3′ (reverse primer); rs2619522, 5′-tgtttgggctctta
tgtctacctttcc-3′ (forward primer) and 5′-gcccatttatctgttttccagtgc-
3′ (reverse primer); rs909706, 5′-ggtgacaggctaatggcacaca-3′
(forward primer) and 5′-ttctggagtgggctctggactg-3′ (reverse
primer); and rs2619538, 5′-ttggatgaggccagtgaggtaa-3′ (forward
primer) and 5′-gaggtggtcccccagctacaag-3′ (reverse primer). The
primers used for one-nucleotide extension in SNaPshot PCR
were 5′-ttttttttttttttttttttttttttacaatagccttgctactatttaggggataaaca-3′
(rs760665), 5′-tttttttttttttcacaggctacagaatggatgttgc-3′ (rs10113-
13), 5′-tttggattggatgcacaaccatgtgaa-3′ (rs2619528), 5′-tttttttttttttt
ttttttttttgcagaagcagtgagtgagagctgaca-3′ (rs2619522), 5′-tttttttttttt
ttttgtcaagtcagtttccaaggggttctaac-3′ (rs909706), and 5′-tttttttttttttt
ttttttttttgcaaagcttaataagacagagcagtttacatc-3′ (rs2619538).

The multiplex PCR mix was composed of 1x HotStarTaq
buffer, 0.3 mM dNTP, 3.0 mM Mg2+, 1 µl of primer mix, 1 U
of HotStarTaq polymerase, and 1 µl of the DNA template. The
reaction mix was then run as follows: 1 cycle for 95◦C/120 s;
11 cycles for 94◦C/20 s, 65◦C/40 s, and 72◦C/90 s; 24 cycles for
94◦C/20 s, 59◦C/30 s, and 72◦C/90 s; and 1 cycle for 72◦C/120 s.
Subsequently, the reaction products were purified using shrimp
alkaline phosphatase and exonuclease I. The SNaPshot PCR mix
contained 5 µl of SNaPshot Multiplex Kit, 1 µl of primer mix,
2 µl of ultrapure H2O, and 2 µl of the purified reaction products.
The experimental program for a one-nucleotide extension was as
follows: 1 cycle of 96◦C/60 s; 28 cycles of 96◦C/10 s, 55◦C/5 s,
and 60◦C/30 s; and 1 cycle of 4◦C/120 s. After further purification
by shrimp alkaline phosphatase, the final products were analyzed
using an ABI 3730xl DNA Analyzer and GeneMapper 4.1
(Applied Biosystems, Carlsbad, CA, United States).

Dual-Luciferase Reporter Assay
In light of the Homo sapiens chromosome 6, GRCh37.p13
primary assembly, a 2 kb sequence upstream of the DTNBP1
transcription start site harboring the T or A alleles at rs2619538
was cloned and individually ligated into pGL3 basic to create
pDTNBP1-Promoter-Wildtype and pDTNBP1-Promoter-Mutant
plasmids. In addition to the plasmids of the negative control

(NC) and the positive control (PC), both of these plasmids were
amplified in DH5α cells. Their positive clones were confirmed by
further sequencing. Subsequently, HEK-293T cells were plated
at 2 × 104 cells per well in 24-well dishes, and 24 h later, the
cells were individually cotransfected with four types of plasmids
with the assistance of X-tremeGENE HP reagent (Roche, Basel,
Switzerland). These four plasmids included 1 µg of pGL3 basic
as the NC, 1 µg of pGL3 promoter as the PC, 1 µg of pSMG6-
Promoter-Wildtype (Wild-type), and 1 µg of pSMG6-Promoter-
Mutant (Mutant). Each cotransfection reaction was replicated
four times, and the pRL plasmid served as an internal reference.
After 24 h, the cotransfected cells were identified using a Dual-
Luciferase R© Reporter Assay System (Promega, Madison, WI,
United States), and both the firefly and Renilla luciferase activities
were measured using a microplate luminometer (BioTek, VT,
United States). The mutant impact of rs2619538 T > A was
evaluated by dividing the averaged firefly/Renilla ratio of the
mutant construct by the averaged firefly/Renilla ratio of the
wild-type construct.

Epilepsy Rat Model
Referring to our previous research (Tao et al., 2018), a total of
15 male Sprague Dawley (SD) rats from the Animal Center of
Guangdong Medical University, Zhanjiang, China, were bred
for adapting to the experimental environment at a temperature
between 22 and 26◦C and a humidity between 55 and 65%.
The light-dark cycle was synchronous with a natural day-and-
night cycle. After a 1 week adaptation period with free access
to food and water, the SD rats (310 ± 32 g) were used in
the following experiments: 10 rats were randomly selected to
be administered pentetrazol (PTZ, 60 mg/kg body weight, i.p.;
Sigma-Aldrich, St. Louis, MO, United States). The severity
of epileptic seizures was classified in five levels according to
the Racine scale: (1) twitching of facial muscle; (2) nodding
of the head; (3) unilateral forelimb with lifting or clonus;
(4) bilateral forelimb with clonus when standing; (5) falling
when standing or twisting (Glen et al., 2014; Orozco et al.,
2014). The administration of PTZ was repeated every 20 min
during a 2 h observation period (10 mg/kg body weight, i.p.)
until seizures increased to level 4 or the total dose of PTZ
reached 90 mg/kg body weight. Finally, with the exception of
one rat reaching level 4 for a duration of only 3 min, nine
rats exhibited seizures that reached level 4 with a duration
of 60 min and were immediately enrolled in the experimental
group, followed by the administration of diazepam (10 mg/kg
body weight, i.p.; Sigma-Aldrich, St. Louis, MO, United States)
every 5 min until seizure cessation to reduce unexpected deaths
before being sacrificed. The remaining five rats were classified
as the control group. All animal experiments in this study were
performed in accordance with the “Guide for the Care and Use
of Laboratory Animals” (He et al., 2006), which was approved by
the Animal Ethics Committee of Guangdong Medical University,
Zhanjiang, China.

Molecular Experiments
After a 2 h observation period, all rats in the experimental
and control groups were sacrificed through decapitation
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under deep anesthesia (3% chloral hydrate, 10 ml/kg body
weight, i.p.; Sigma-Aldrich, St. Louis, MO, United States).
Then, the left and right hippocampi of nine experimental
rats and four control rats were rapidly collected for use
in real-time quantitative PCR (qPCR) and enzyme-linked
immunosorbent assay (ELISA), respectively: (a) real-time
qPCR: total RNA was extracted via an RNA extraction
kit (QIAGEN Sciences, Germantown, United States), and
reverse transcription was performed by using a First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,
United States) according to the manufacturer’s instructions.
Subsequently, the cDNA products were amplified using a
Light-Cycler 480 sequence detector system (Roche Applied
Science, Penzberg, Germany), and the specific primers
used for real-time qPCR were as follows: DTNBP1 forward
primer, 5′-ttagcaggtatgaggatgcgt-3′, and reverse primer, 5′-
ggtgcagcaaatggttctctac-3′. Relative expression levels were
calculated by the 2−11CT method. And (b) ELISA: DTNBP1
concentrations in the hippocampi were measured using an
ELISA kit (R&D Systems, Minneapolis, MN, United States)
according to the manufacturer’s instructions. Absorbance was
detected using an ELISA reader (Bio-Rad Laboratories, Hercules,
CA, United States).

In addition to qPCR and ELISA, immunohistochemistry
(IHC) was performed as follows: one experimental rat and one
control rat under deep anesthesia were cardially perfused with
physiological saline, followed by 4% paraformaldehyde, and their
brains were then isolated and fixed in 4% paraformaldehyde
at 4◦C for 20 h. After dehydration and paraffin embedding,
the specimens were cut into 4-µm-thick slices for subsequent
histological staining. Paraffin-embedded slices were dewaxed
with xylene and ethanol. Deparaffinized slices were rinsed using
water, placed in a tissue slide, and heated in a microwave oven for
antigen retrieval. Endogenous peroxidase was then blocked using
3% hydrogen peroxide. After three 5 min washes with phosphate
buffer saline (PBS), the slices were blocked using 3% bovine
serum albumin. Subsequently, the primary antibody (DTNBP1
polyclonal antibody, ABclonal, Boston, MA, United States) was
diluted in blocking solution and incubated overnight at 4◦C. The
next day, the slices were washed three times for 5 min each in
PBS and then incubated with the secondary antibody, washed,
developed with 3-3′ diaminobenzidine tetrachloride, and washed
to stop the reaction until brown color appeared. The slices were
counterstained with hematoxylin, dehydrated and mounted, and
finally photographed for biological analysis.

DTNBP1 Expression in TLE Patients
To identify whether DTNBP1 is abnormally expressed in human
epilepsy patients, we used the online GSE datasets because of
the lack of pathological brain samples of epilepsy patients in our
laboratory. Unfortunately, after a series of searches in the online
GSE datasets, we could not identify a single study that could
be directly used. However, we found that GSE63808 was based
on surgically acquired hippocampi from 129 TLE patients, and
GSE29378 contained 32 autopsy samples of normal hippocampi.
Moreover, both of these GSE datasets were acquired via the same
technique, Illumina HumanHT-12 V3.0 expression BeadChip

arrays (Johnson et al., 2015), and therefore, combining these
two human transcriptome arrays makes it possible to study the
expression of DTNBP1 between epilepsy patients and normal
controls. Hence, GSE63808 and GSE29378 were downloaded
from the online GSE datasets. In total, 129 TLE patients from the
GSE63808 dataset and 32 normal controls form the GSE29378
dataset were individually enrolled in the TLE and control
groups, respectively, in the present study. After normalization
and testing of multiple hypotheses to reduce the false-positive
rate, the average signals of DTNBP1 mRNA expression in the
hippocampi of the TLE and control groups were compared for
further analysis.

Statistical Analyses
Variable data, reported as the mean± SD, and attribute data were
analyzed with a Student’s t-test and a chi-square test, respectively.
Logistic regression was employed to correct for bias related to
confounding factors, including age and gender, and q-values were
used to adjust the false-positive results from multiple statistics
by the Bonferroni correction. Statistical tests were performed
using SPSS 19.0 (IBM, New York, NY, United States), and
p ≤ 0.05 was considered statistically significant. In addition,
haplotype construction and power analyses were carried out via
Haploview 4.2 (Daly Lab, Cambridge, MA, United States) and
Quanto 1.2 (University of Southern California, Los Angeles, CA,
United States), respectively.

RESULTS

General Characteristics of the Enrolled
Cohorts
This study enrolled a total of 496 TLE patients and 528 healthy
individuals. No significant differences in gender or age were
observed between the TLE patients and the healthy controls in
cohorts 1, 2, and 1 + 2 (all p > 0.05). Gender, age, duration
of disease and severity of disease in cohorts 1 + 2 are listed in
Table 1.

In the present study, all enrolled patients and controls were
successfully genotyped for the six DTNBP1 SNPs (rs760665,
rs1011313, rs2619528, rs2619522, rs909706, and rs2619538). The
frequency distributions of these SNPs complied with the Hardy-
Weinberg equilibrium. Power analyses indicated that this study
had 12.9% power for rs760665, 99.7% power for rs1011313, 97.5%
power for rs2619528, 97.5% power for rs2619522, 99.6% power
for rs909706 and 87.2% power for rs2619538 for detecting a
recessive inheritance model with a genetic effect of 1.8 at a
significance level of 0.05 for two-sided type 1 error.

Case-Control Analyses of the Six
DTNBP1 SNPs
In cohorts 1 and 2, the frequencies of the TT genotype at
rs909706 T > C were consistently lower in the patients than in
the controls (Table 2: p = 0.000 and 0.018, respectively). The same
trend was observed after the Bonferroni correction for multiple
comparisons in cohorts 1+ 2 (Table 3; OR = 1.770, p = 0.000 and
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TABLE 1 | General characteristics of enrolled cohorts.

Cases Controls p-values

Sex (male/female, n)

Cohort 1 170/165 185/140 0.112

Cohort 2 79/82 104/99 0.682

Cohorts 1 + 2 249/247 289/239 0.147

Age (mean ± SD, years)

Cohort 1 31.2 ± 14.7 31.0 ± 9.7 0.862

Cohort 2 33.5 ± 14.9 32.7 ± 15.6 0.617

Cohorts 1 + 2 31.5 ± 14.8 31.7 ± 12.3 0.743

Other characteristics in cohorts 1 + 2

Age at onset (mean ± SD,
years)

20.8 ± 13.8 – –

Severity of disease

Seizure frequencies
(mean ± SD, times/month)

6.7 ± 2.7 – –

Drug response
(sensitive/resistant patients, n)

250/246 – –

q = 0.050), which confirmed the findings in cohorts 1 and 2. These
results indicate that the TT genotype is associated with protection
against TLE. In addition, no consistent differences were found
for the remaining five SNPs (rs760665, rs1011313, rs2619528,
rs2619522, and rs2619538) in cohorts 1, 2, and 1+ 2 (Tables 2, 3).

Through the use of Haploview 4.2, a haplotype block
(rs1011313-rs2619528-rs2619522-rs909706) approximately 27 kb
in length was constructed based on all six SNPs including four
haplotypes (CCAT, CCAC, TCAT, and CTCC). Their frequencies
were then compared between the patients and the controls in
cohorts 1 + 2. As displayed in Table 4, the patient ratios of
the CCAC and TCAT haplotypes were lower than the control
ratio (16.3 vs. 19.2%, p = 0.000, and 13.7 vs. 23.8%, p = 0.006),
which was further confirmed by the Bonferroni correction for
multiple comparisons (q = 0.000 and 0.025). Thus, the CCAC and
TCAT haplotypes could be genetically protective markers against
susceptibility to TLE.

Genetic Significance of the TT Genotype
at rs909706
Given the findings of case-control analysis, we further
investigated the genetic impact of the wild-type homozygote at
rs909706 T > C on age at onset, seizure frequency, and drug
response in cohorts 1 + 2. As shown in Figure 1, no significant
differences in age at onset, seizure frequency or drug response
in the TLE patients were found between carriers with the TT
genotype and those with the TT + TG genotypes (p = 0.221,
0.349, and 0.132), and similar results occurred after adjusting for
gender and age (p = 0.202, 0.254, and 0.130).

According to the assembly of the human genome GRCh38.p7,
rs909706 is located in the first intron of the DTNBP1 gene.
However, introns are non-coding sequences, and variations
within them rarely modulate gene function. Thus, we decided
to investigate whether other functional SNPs are in linkage
disequilibrium (LD) with variations at rs909706. As shown in
Figure 1, rs13195978 was found to be in LD with rs909706, but

rs13195978 is still non-functional due to its locus in the second
intron of the DTNBP1 gene. Therefore, there are no clues to
explain the protective role of the TT genotype at rs909706 against
susceptibility to TLE.

Impact of Homozygous Mutation of
rs2619538 T > A on DTNBP1
Transcription
As shown in Figure 2, among all the SNPs genotyped in the
study, rs2619538 T > A is the only SNP located in the predicted
promoter region of the DTNBP1 gene; thus, its variation might
affect DTNBP1 transcription. Notably, homozygous mutation of
rs2619538 T > A was rarely observed in the patient group (1/325)
but not in the control group (0/335), suggesting that rs2619538
T > A might be a functional site involved in modulation of
DTNBP1 transcription. Given these clues, we further constructed
a genealogical chart of the mutant patient and genotyped the
same site of his parents and brothers/sisters, and we identified a
novo mutant allele in his father. Hence, we precluded its potential
impact on the activity of the DTNBP1 gene promoter.

In support of the mutant impact of rs2619538 T > A on the
DTNBP1 gene promoter, we synthesized reporter gene constructs
containing T (wild-type) or A (mutant) alleles in the context of
the full-length promoter of DTNBP1 (2 kb sequence upstream
of the transcription start site). The dual-luciferase assay revealed
that both wild-type and mutant constructs have biological
activities in the full-length promoter of DTNBP1, and the latter
increased by approximately 22% in comparison with the former
(Figure 2). This finding indicates that the homozygous mutation
at rs2619538 T > A could upregulate DTNBP1 transcription.

Expression Patterns of DTNBP1 in an
Epilepsy Rat Model and in TLE Patients
To determine whether DTNBP1 expression is abnormal in
epileptic activity, we established a rat epilepsy model according
to a PTZ-induced protocol. DTNBP1 mRNA and protein
expression was detected in the hippocampi by qPCR and ELISA.
Compared with control rats, the epilepsy model showed an
approximately 87% increase (p = 0.000) in the expression of
DTNBP1 mRNA, similar to the increased rate of DTNBP1 protein
(approximately 35%, p = 0.044). In addition, IHC confirmed
the abnormal expression of DTNBP1 in the epilepsy model,
indicating that hyperfunction of DTNBP1 is involved in epileptic
seizures (Figure 3).

To further identify whether DTNBP1 is abnormally
expressed in human epilepsy patients, we used online GSE
datasets of pathological brain samples from TLE patients and
normal controls that were acquired by the same technique,
Illumina HumanHT-12 V3.0 expression BeadChip arrays.
Despite the small amplitude increase of 1.74%, the level of
DTNBP1 expression in the hippocampi of the TLE patients
was significantly higher than that of the normal controls
(p = 9.316 × 10−9), suggesting that homozygous mutation at
rs2619538 T > A might be involved in epileptic activity by
upregulating DTNBP1 expression.
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TABLE 2 | Inheritance models of the DTNBP1 SNPs in cohorts 1 and 2.

Cohort 1 Cohort 2

Cases n (%) Controls n (%) ORs (95% CI) p-values Cases n (%) Controls n (%) ORs (95% CI) p-values

rs760665 T > A

TT/TA/AA 335 (100.0)/0.0)/0 (0.0) 323 (99.4)/2 (0.6)/0 (0.0) – 0.113 161 (100.0)/0 (0.0)/0 (0.0) 202 (99.5)/1 (0.5)/0 (0.0) – 1.000

TT/TA + AA 335 (100.0)/0 (0.0) 323 (99.4)/2 (0.6) 0.78 (0.57–1.06) 0.999 161 (100.0)/0 (0.0) 202 (99.5)/1 (0.5) – 1.000

TT + TA/AA 335 (100.0)/0 (0.0) 325 (100.0)/0 (0.0) – 0.999 161 (100.0)/0 (0.0) 203 (99.5)/0 (0.5) – –

rs1011313 C > T

CC/CT/TT 221 (66.0)/98 (29.3)/16 (4.8) 182 (56.0)/131 (40.3)/12 (3.7) 0.75 (0.57–0.98) 0.034 105 (65.2)/48 (29.8)/8 (5.0) 114 (56.2)/81 (39.9)/8 (3.9) 0.78 (0.54–1.12) 0.172

CC/CT + TT 221 (66.0)/114 (34.0) 182 (56.0)/143 (4.0) 0.64 (0.47–0.88) 0.006 105 (65.2)/56 (34.8) 114 (56.2)/89 (43.8) 0.68 (0.44–1.04) 0.073

CC + CT/TT 319 (95.2)/16 (4.8) 313 (96.3)/12 (3.7) 0.81 (0.37–1.74) 0.585 153 (95.0)/8 (5.0) 195 (96.1)/8 (3.9) 0.79 (0.29–2.19) 0.656

rs2619528 C > T

CC/CT/TT 275 (82.1)/58 (17.3)/2 (0.6) 266 (81.8)/55 (16.9)/4 (1.2) 0.95 (0.66–1.37) 0.772 131 (81.4)/29 (18.0)/1 (0.6) 169 (83.3)/32 (15.8)/2 (1.0) 1.11 (0.67–1.84) 0.697

CC/CT + TT 275 (82.1)/60 (17.9) 266 (81.8)/59 (18.2) 0.98 (0.66–1.46) 0.923 131 (81.4)/30 (18.6) 169 (83.3)/34 (16.7) 1.15 (0.67–1.98) 0.617

CC + CT/TT 333 (99.4)/2 (0.6) 321 (98.8)/4 (1.2) 2.10 (0.38–11.57) 0.395 160 (99.4)/1 (0.6) 201 (99.0)/2 (1.0) 1.54 (0.14–17.16) 0.727

rs2619522 A > C

AA/AC/CC 277 (82.7)/56 (16.7)/2 (0.6) 266 (81.8)/55 (16.9)/4 (1.2) 1.09 (0.75–1.58) 0.641 132 (82.0)/28 (17.4)/1 (0.6) 169 (83.3)/32 (15.8)/2 (1.0) 0.94 (0.56–1.56) 0.807

AA/AC + CC 277 (82.7)/58 (17.3) 266 (81.8)/59 (18.2) 0.94 (0.63–1.41) 0.774 132 (82.0)/29 (18.0) 169 (83.3)/34 (16.7) 1.10 (0.64–1.90) 0.729

AA + AC/CC 333 (99.4)/2 (0.6) 321 (98.8)/4 (1.2) 2.10 (0.38–11.57) 0.395 160 (99.4)/1 (0.6) 201 (99.0)/2 (1.0) 1.54 (0.14–17.16) 0.727

rs909706 T > C

TT/TC/CC 128 (38.2)/169 (50.4)/38 (11.3) 172 (52.9)/121 (37.2)/32 (9.8) 0.69 (0.55–0.87) 0.002 64 (39.8)/78 (48.4)/19 (11.8) 106 (52.2)/76 (37.4)/21 (10.3) 0.74 (0.54–1.00) 0.052

TT/TC + CC 128 (38.2)/207 (61.8) 172 (52.9)/153 (47.1) 1.83 (1.34–2.49) 0.000 64 (39.8)/97 (60.2) 106 (52.2)/97 (47.8) 1.66 (1.09–2.53) 0.018

TT + TC/CC 297 (88.7)/38 (11.3) 293 (90.2)/32 (9.8) 0.88 (0.53–1.45) 0.612 142 (88.2)/19 (11.8) 182 (89.7)/21 (10.3) 0.88 (0.45–1.69) 0.691

rs2619538 T > A

TT/TA/AA 307 (91.6)/27 (8.1)/1 (0.3) 291 (89.5)/34 (10.5)/0 (0.0) 1.28 (0.75–21.17) 0.363 147 (91.3)/14 (8.7)/0 (0.0) 185 (91.1)/18 (8.9)/0 (0.0) 1.00 (0.48–2.08) 0.993

TT/TA + AA 307 (91.6)/28 (8.4) 291 (89.5)/34 (10.5) – – 147 (91.3)/14 (8.7) 185 (91.1)/18 (8.9) – –

TT + TA/AA 334 (99.7)/1 (0.3) 323 (100.0)/0 (0.0) 0.78 (0.46-1.33) 0.363 146 (100.0)/0 (0.0) 203 (100.0)/0 (0.0) 1.00 (0.48–2.10) 0.993

p-values have been adjusted for sex and age.
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TABLE 3 | Inheritance models of the SRR SNPs in cohorts 1 + 2.

Cases n (%) Controls n (%) ORs (95% CI) p-values q-values

rs760665 A > T

AA/AT/TT 496 (100.0)/0.0)/0 (0.0) 525 (99.4)/3 (0.6)/0 (0.0) – 0.999 17.982

AA/AT + TT 496 (100.0)/0 (0.0) 525 (99.4)/3 (0.6) – 0.999 17.982

AA + AT/TT 496 (100.0)/0 (0.0) 528 (100.0)/0 (0.0) – – –

rs1011313 C > T

CC/CT/TT 326 (65.7)/146 (29.4)/24 (4.8) 296 (56.1)/212 (40.2)/20 (3.8) 0.76 (0.61–0.94) 0.011 0.198

CC/CT + TT 326 (65.7)/170 (34.3) 296 (56.1)/232 (43.9) 0.66 (0.51–0.84) 0.001 0.018

CC + CT/TT 472 (95.2)/24 (4.8) 508 (96.2)/20 (3.8) 0.81 (0.44–1.49) 0.497 8.946

rs2619528 C > T

CC/CT/TT 406 (82.1)/87 (17.3)/3 (0.6) 435 (82.4)/87 (16.5)/6 (1.1) 1.00 (0.74–1.35) 0.994 17.892

CC/CT + TT 406 (82.1)/90 (17.9) 435 (82.4)/93 (17.6) 1.04 (0.75–1.43) 0.833 14.994

CC + CT/TT 493 (99.4)/3 (0.6) 522 (98.9)/6 (1.1) 1.87 (0.47–7.54) 0.377 6.786

rs2619522 A > C

AA/AC/CC 409 (82.5)/84 (16.9)/3 (0.6) 435 (82.4)/87 (16.5)/6 (1.1) 1.04 (0.77–1.40) 0.814 14.652

AA/AC + CC 409 (82.5)/87 (17.5) 435 (82.4)/93 (17.6) 0.99 (0.72–1.37) 0.973 17.514

AA + AC/CC 493 (99.4)/3 (0.6) 522 (98.9)/6 (1.1) 1.87 (0.47–7.54) 0.377 6.786

rs909706 T > C

TT/TC/CC 192 (38.7)/247 (49.8)/57 (11.5) 278 (52.7)/197 (37.3)/53 (10.0) 0.71 (0.59–0.85) 0.000 0.005

TT/TC + CC 192 (38.7)/304 (61.3) 278 (52.7)/250 (47.3) 1.77 (1.38–2.27) 0.000 0.000

TT + TC/CC 439 (88.5)/57 (11.5) 475 (90.0)/53 (10.0) 0.88 (0.59–1.30) 0.517 9.306

rs2619538 T > A

TT/TA/AA 454 (91.5)/41 (8.3)/1 (0.2) 476 (90.2)/52 (9.8)/0 (0.0) 1.14 (0.75–1.74) 0.539 9.702

TT/TA + AA 454 (91.5)/42 (8.5) 476 (90.2)/52 (9.8) 0.85 (0.56–1.31) 0.464 8.352

TT + TA/AA 495 (99.8)/1 (0.2) 528 (100.0)/0 (0.0) – 1.000 18.000

ORs and p-values have been adjusted for sex and age; considering the number of statistical comparisons reached 18 times, Bonferroni correction was employed to
adjust the false positive rate, and the q-value of each comparison was equal to 18 times its p-value.

TABLE 4 | Haplotypes of the DTNBP1 SNPs in cohorts 1 + 2.

rs1011313-rs2619528-rs2619522-rs909706 Haplotypes Frequency ratios (%) Case ratios (%) Control ratios (%) p-values q-values

CCAT 44.8 47.5 44.3 0.213 0.852

CCAC 26.6 19.2 16.3 0.000 0.000

TCAT 18.8 23.8 13.7 0.006 0.025

CTCC 9.1 9.9 9.4 0.813 3.253

q-values were calculated with Bonferroni correction; considering the number of statistical comparisons reached 4 times, Bonferroni correction was employed to adjust
the false positive rate, and the q-value of each comparison was equal to 4 times its p-value.

DISCUSSION

This study first observed that the frequencies of the TT genotype
at rs909706 T > C and the CCAC and TCAT haplotypes
(rs1011313-rs2619528-rs2619522-rs909706) were significantly
lower in TLE patients than in controls. A previous study
reported that the concentration of hippocampal glutamate was
significantly affected by variations in rs909706 T > C (Wirth
et al., 2012), whereas in our analyses, the intronic TT genotype
was not related to age at onset or severity of disease and was
not in LD with any functional variations nearby. Hence, these
findings are considered to indicate protective markers against
genetic susceptibility to TLE.

Meanwhile, the homozygous mutation of rs2619538 T > A
was rarely observed in TLE patients, and the novo mutant
allele came from the father. The dual-luciferase assay revealed

that DTNBP2 promoter activity in patients with the mutant
allele increased by approximately 22% compared with patients
with the wild-type allele. Together with the trend of increased
DTNBP1 expression in epilepsy patients and animal models in the
present study, we hypothesized that the homozygous mutation of
rs2619538 T > A functions by promoting DTNBP1 expression
and subsequent processes in epilepsy pathologies.

According to previous research, the homozygous mutation
at rs2619538 T > A is associated with reduced volumes of
both gray and white matter in healthy children as young
as 10–12 years old (Tognin et al., 2011). Structural volume
deficits were observed in cortical regions, the subiculum and
dentate gyrus, and the striatum of DTNBP1 mutant mice (Wirth
et al., 2012). These findings indicate a key role of DTNBP1 in
brain development, and abnormalities of brain development
often lead to cortical dysplasia and subsequent early conset
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FIGURE 1 | Age at onset, seizure frequency, and drug response between the TT genotype and the TC + CC genotypes in all TLE patients in cohort 1 + 2. (A) The
age at onset of the TLE patients was 22 ± 16 and 20 ± 13 years among those with the TT genotype and the TC + CC genotypes, respectively. (B) Seizure
frequency of patients with the TT genotype and the TC + CC genotypes was 6.5 ± 2.7 and 6.7 ± 2.6 per month, respectively. (C) Drug-resistant incidence of
patients with the TT genotype and the TC + CC genotypes was 34.4 and 41.1%, respectively. (D) According to the 1,000 Genomes Project, SNPs are downloaded
between 10,000 nucleotides downstream and 10,000 nucleotides upstream of the rs909706 locus (Chromosome 6, NC_000006.11 (15650871..15670871), and
according to the analysis using Haploview 4.2, only rs13195978 was observed to be in LD with rs909706 (D’ = 1.0).

seizures (Palmini and Holthausen, 2013; Liu et al., 2015;
Shaker et al., 2016; Maynard et al., 2017). On the other hand,
DTNBP1 inhibits the release of glutamate (Chen et al., 2008;

Saggu et al., 2013), which is crucial for AMPAR-mediated
synaptic transmission and plasticity and NMDAR-dependent
synaptic potentiation in the hippocampus (Glen et al., 2014;

Frontiers in Genetics | www.frontiersin.org 8 February 2021 | Volume 12 | Article 55397490

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-553974 February 15, 2021 Time: 18:33 # 9

Tao et al. Genetic Effects of DTNBP1

FIGURE 2 | Impact of the homozygous mutation of rs2619538 T > A on DTNBP1 transcription. (A) Relative loci of rs2619538 T > A and other SNPs genotyped in
this study are shown in the DNTBP1 gene region. Only rs2619538 T > A is potentially functional because of its location in the predicted promoter of the DNTBP1
gene, and yet the remaining SNPs are located within several introns of the DTNBP1 gene. (B) The TLE patient carrying the homozygous mutation of rs2619538
T > A was a 33-years-old male (age at onset, 32 years). After observation of the treatment for 1 year, seizure frequencies decreased from three times per month to
one time per half year. A genealogical chart of his family was also constructed, and his parents consented to genotyping of the same site at rs2619538 T > A; a novo
mutant allele probably coming from his father was observed. (C) The effects of rs2619538 T > A mutant on the activity of the DTNBP1 gene promoter. Compared
with the averaged firefly/renilla ratios of the pGL3 basic negative control (NC), the ratios of the pGL3 promoter positive control (PC), pDTNBP1-Promoter-Wildtype
(Wildtype) and pDTNBP1-Promoter-Mutant (Mutant) for rs2619538 T > A were 155.74 ± 1.43, 74.07 ± 0.99, and 90.48 ± 2.09, respectively. *p < 0.05.

Orozco et al., 2014). In addition, DTNBP1 null gene mutation was
observed to influence the developmental switch between GluN2B
and GluN2A in the mouse cortex and hippocampus (Sinclair
et al., 2016). These findings further indicate that DTNBP1
should be a critical modulator in excitatory signal transduction
of glutamate, as well as brain development. Considering that
an epilepsy model induced by PTZ is usually used to observe
changes of excitatory/inhibitory regulatory molecules during
the period of acute convulsions, this study successfully used the
model to confirm increased DTNBP1 expression in the PTZ
model, which indicates that the model can be used for disclosing
potential mechanisms of DTNBP1 in future experiments.

Notably, DTNBP1 facilitates neurite outgrowth by promoting
the transcriptional activity of p53 (Ma et al., 2011), and
nucleocytoplasmic shuttling of DTNBP1 regulates synapsin I
expression (Fei et al., 2010). However, neither overexpression
(Dys1A-Tg) nor underexpression (Sandy) of DTNBP1 cause
epileptic seizures in mice (Shintani et al., 2014). Because these
prior studies focused on schizophrenia, more attention was paid
to the effects of low-level DTNBP1 expression. In contrast, the
expression of DTNBP1 was demonstrated to be increased in TLE
patients and an animal model in this study; thus, behavioral
observations and electrophysiological results of epileptic seizures

in Dys1A-Tg mice and the related mechanisms should be further
evaluated in the future.

Several limitations of the present study should be noted.
First, DTNBP1 encodes dysbindin-1, which is composed of
three spliceosomes, but only dysbindin-1B, not dysbindin-1A
or dysbindin-1C, displays a tendency for toxic aggregation.
In postmortem brains, dysbindin-1B not only aggregates with
itself but also aggregates with proteins that interact with it
(Xu et al., 2015; Zhu et al., 2015; Yang et al., 2016). Another
study observed that increased expression of dysbindin-1A
resulted in a selective deficit in NMDA receptor signaling in
the hippocampus (Jeans et al., 2011). Additionally, dysbindin-
1C is required for the survival of hilar mossy cells and the
maturation of adult newborn neurons in the dentate gyrus
(Wang et al., 2014), and dysbindin-1C deficiency could result in
impaired autophagy (Yuan et al., 2015). Therefore, the expression
patterns of the three spliceosomes most likely interfere with
the function of DTNBP1 and influence genetic susceptibility
to TLE. Second, when we consider 1,000 genomes, the minor
allele frequencies of rs2619538 T > A are 0.027 among those
of east Asian ancestry, 0.645 among those of African ancestry,
0.549 among those of European ancestry and 0.42 among those
of American ancestry, which indicates that the mutant effects
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FIGURE 3 | Expression patterns of DTNBP1 in an epilepsy rat model and TLE patients. (A) According to qPCR, the relative levels of DTNBP1 mRNA in the
hippocampi of normal rats and epilepsy model rats were 1.27 ± 0.23 and 2.37 ± 0.25, respectively. (B) According to ELISA, the concentrations of DTNBP1 protein
in the hippocampi of normal rats and epilepsy model rats were 164.60 ± 64.93 and 222.42 ± 23.20 ng/µl, respectively. (C) A total of 129 TLE patients from the
GSE63808 dataset and 32 normal controls from the GSE29378 dataset were enrolled in the TLE and control groups. After normalization and multiple hypothesis
testing to reduce the false-positive rate, the average DTNBP1 mRNA expression in the hippocampi of the TLE and control groups was 7.11 ± 0.09 and 6.99 ± 0.07,
respectively. (D) IHC staining is shown individually for global and local regions of the hippocampi. Hematoxylin staining was used to mark the cell nuclei (blue), and
immunostaining was used to show DTNBP1 expression (brown). *p < 0.05, ***p < 0.001.

of rs2619538 T > A in the Han Chinese population included
in the present study probably represent a mechanism that is
distinct from those of other ancestries. Thus, one should be
cautious in generalizing our findings to other races. Third, in
addition to SNPs at rs2619538 T > A, DNA methylation of the
DTNBP1 promoter also plays a key role in the expression of
DTNBP1 and related pathological activities (Wockner et al., 2014;
Abdolmaleky et al., 2015); thus, DNA methylation is another

potential factor that could interfere with the genetic effects of
rs2619538 T > A.

CONCLUSION

This study first demonstrated the association of DTNBP1 with
TLE from a genetic perspective. In particular, the homozygous
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mutation rs2619538 T > A was observed in TLE patients
but not in healthy controls. The increased activities of the
DTNBP1 promoter with the A allele in dual-luciferase assays and
increased DTNBP1 expression in epilepsy patients and animal
models suggest that the mutation likely functions by promoting
transcription of the DTNBP1 gene and facilitating subsequent
processes in epilepsy pathologies. Hence, the role of DTNBP1 in
TLE deserves further exploration in the future.
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Recent evidence has indicated that the disruption of oligodendrocytes may be involved

in the pathogenesis of depression. Genetic factors are likely to affect trait factors, such

as characteristics, rather than state factors, such as depressive symptoms. Previously, a

negative self-schema had been proposed as the major characteristic of constructing trait

factors underlying susceptibility to depression. Thus, the association between a negative

self-schema and the functional single nucleotide polymorphism (SNP) rs1059004 in

the OLIG2 gene, which influences OLIG2 gene expression, white matter integrity, and

cerebral blood flow, was evaluated. A total of 546 healthy subjects were subjected to

genotype and psychological evaluation using the Beck Depression Inventory-II (BDI-II)

and the Brief Core Schema Scale (BCSS). The rs1059004 SNP was found to be

associated with the self-schema subscales of the BCSS and scores on the BDI-II in an

allele dose-dependent manner, and to have a predictive impact on depressive symptoms

via a negative-self schema. The results suggest the involvement of a genetic factor

regulating oligodendrocyte function in generating a negative-self schema as a trait factor

underlying susceptibility to depression.
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INTRODUCTION

Major depressive disorder (MDD) is a common disease with a
12-month and lifetime prevalence of 6.6 and 16.2%, respectively
(1). Depressive disorders, including MDD and dysthymia,
are also a leading cause of the global disease burden (2).
Although effective treatments (e.g., antidepressants and cognitive
behavioral therapy) are available for MDD, remission rates
for antidepressants are not currently optimally achieved (3).
Therefore, the development of new and more effective drugs
is required in the future and elucidating the pathology of
MDD could help us develop these novel medicines. Depressive
disorders are multifactorial diseases that are thought to develop
through interactions between genetic and psychosocial factors.
Although the neurobiological mechanism underlying MDD
has been extensively investigated, the definitive biological
mechanism remains unclear.

Prior studies based on post-mortem brain, neuroimaging,
and animal studies have indicated the involvement of disrupted
oligodendrocytes in the pathology of MDD. Histological
examination of the post-mortem brain revealed that
patients with MDD have a substantially reduced density
and number of oligodendrocytes in their prefrontal cortex (4, 5).
Oligodendrocyte-related genes were also found to be reduced in
the temporal frontal cortex and in the white matter of the ventral
prefrontal cortex in patients with MDD (6, 7). More recent
studies have reported that psychological stress results in the
downregulation of oligodendrocyte-related genes and reduced
myelination fiber length and density in the brains of mice (8, 9).
Cathomas et al. (8) revealed that after psychological stress,
emotion, and microglial activity were altered in mice that were
heterozygous for the cyclic nucleotide phosphodiesterase (Cnp1)
oligodendrocyte gene compared to wild-type mice; this suggests
that oligodendrocyte gene expression affects behavioral changes
after psychosocial stress. Several diffusion tensor imaging studies
have documented decreased white matter integrity in the corpus
callosum and several frontal, temporal, and parietal regions in
patients with MDD (10–13). In addition, other studies have
found microstructural abnormalities in some fiber tracts, such as
anterior callosal fibers, in patients with MDD (14, 15). Patients
with MDD also show a reduced magnetic transfer ratio, which
reflects demyelination in brain regions, such as the frontal and
striatal regions, limbic areas, occipital white matter, and the genu
and splenium of the corpus callosum (16–18). Evidence found in
post-mortem brains, neuroimaging, and animal studies suggests
that disrupted oligodendrocyte function may be involved in
impaired mood regulation in MDD.

The OLIG2 gene is a basic helix-loop-helix transcription
factor that is expressed exclusively in oligodendrocytes and
oligodendrocyte precursors and is involved in oligodendrocyte
differentiation (19, 20). One post-mortem brain study found
that OLIG2 gene expression was downregulated in the temporal
cortex of patients with MDD (6). The OLIG2 gene single
nucleotide polymorphism (SNP) rs1059004 is a functional SNP
that influences OLIG2 gene expression and influences white
matter integrity in Caucasian populations (21–23). Amore recent
study revealed that SNP rs1059004 affects resting-state cerebral

blood flow in a broad region of the brain as well as white matter
integrity in the Japanese population (23). Genetic association
studies have shown that the OLIG2 SNP rs1059004 is associated
with several psychiatric disorders such as schizophrenia and
obsessive-compulsive disorder in a certain population (24–28).
However, no previous studies have investigated the genetic
association between this SNP and MDD.

Beck proposed the cognitive model of depression, in which
negative self-schema individuals are vulnerable to developing
depression in the future (29). Previous studies have shown a
marked association between the schemata concerning the self and
others, and the severity of depressive symptoms (30, 31). Evans
et al. revealed that a negative self-schema was a risk factor for the
development of depression in women (32). The results of these
studies support the cognitive model of depression hypothesized
by Beck (29).

Based on prior evidence indicating the involvement of
oligodendrocyte abnormalities in the pathology of MDD, the
present study hypothesized the association between OLIG2 SNP
rs1059007 and the negative-self core schema, as it plays a
major role in constructing trait factors underlying susceptibility
to MDD by influencing the function of oligodendrocytes. To
verify this hypothesis, we investigated whether the OLIG2 SNP
rs1059007 was associated with self-negative core schema in
healthy subjects.

MATERIALS AND METHODS

Subjects
A total of 777 healthy, right-handed individuals were recruited,
and their genotyping data, mood states, core beliefs, brain
imaging data, cognitive function, aging, genetics, and daily habits
were examined as detailed below and elsewhere (33–36). Of
the 777 participants, all gene polymorphism data, scores on the
Beck Depression Inventory-II (BDI-II), and scores on the Brief
Core Schema Scale (BCSS) were successfully obtained from 546
subjects (313 men and 233 women; 20.5 ± 1.8 years of age).
All subjects had normal vision and were university, college or
postgraduate students, or subjects who had graduated from these
institutions within 1 year prior to the experiment. None of the
participants had a history of neurological or psychiatric illness.
Handedness was evaluated using the Edinburgh Handedness
Inventory (37). High-molecular-weight DNA was isolated from
saliva specimens using Oragene containers (DNA Genotek Inc.,
Ottawa, Canada), according to the manufacturer’s instructions.
After the study procedures were fully explained, written informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki (1991). This study was approved by the
Ethics Committee of Tohoku University.

Psychological Assessments
Participants were administered the Japanese version of the Brief
Core Schema Scale (BCSS) to assess core schemas about the self
and others. The BCSS is a 24-item self-report scale developed by
Fowler et al. to measure core schemata with regard to the self
and others (30). The BCSS includes four dimensions of self- and
other-assessment: negative self, positive self, negative others, and
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positive others. Each dimension comprised six items that were
evaluated on a five-point rating scale (0–4), and respondents were
asked to indicate “yes” or “no” for whether they held each belief. If
they held the belief, they were then asked to indicate the degree of
their conviction on a 4-point scale ranging from 1 to 4 (1: believe
slightly, 2: believe it moderately, 3: believe it very much, 4: believe
it totally).

Participants were also tested using the Japanese version of
the BDI-II to evaluate the degree of depressive symptoms.
BDI-II, developed by Beck et al. (38), is a 21-item self-report
questionnaire used to evaluate the severity of depression in
normal and psychiatric subjects (39). Each item consisted of a
4-point scale from 0 (symptoms absent) to 3 (severe symptoms).
The minimum and maximum BDI-II scores were 0 and 63,
respectively with higher scores indicating greater severity of
depressive symptoms. In normal subjects, scores above 20 have
been reported to indicate depression (40).

SNP Genotyping
Genotyping of OLIG2 SNP rs1059004 was carried out using
TaqMan assays (Applied Biosystems, Foster City, CA, USA).
Polymerase chain reactions (PCRs) were performed using 20
ng of genomic DNA, 40 × TaqMan Probe Assay Mix (Probe
ID: C_2442961_10) (Applied Biosystems, Waltham, MA,
USA), 2 × Universal PCR Master Mix (Applied Biosystems),
and nuclease-free water in a 10 µL total reaction volume;
allele-specific fluorescence was measured using the CFX96
Real-Time System (Bio-Rad, Hercules, CA, USA). Information
about the TaqMan Probe sequence can be obtained from
https://www.thermofisher.com/order/genome-database/details/
genotyping/C___2442961_20?CID=&ICID=&subtype=. The
PCR cycle conditions consisted of an initial denaturation at
95◦C for 10min, followed by 50 cycles at 92◦C for 15 s and at
57◦C for 1min. Then, PCR products spanning the SNP were
amplified with primers (forward: gagcgctgtctggctttaac, reverse:
gaggaacggccacagttcta) from two representative subjects for each
of the three genotypes of this SNP and were subjected to direct
sequencing to validate the TaqMan assay-based genotyping.

Statistical Analysis
Statistical evaluations were performed using SPSS statistics 24
and Amos 23 (Japan IBM, Tokyo, Japan) software packages.
Demographic variables among groups were compared using
χ
2-tests, analysis of variance, t-tests, or Kruskal-Wallis test,

where appropriate. Deviations in genotype distribution from
the Hardy-Weinberg equilibrium (HWE) were assessed using
the χ

2-test for goodness of fit. Spearman’s bivariate correlation
analysis was performed to examine the correlations between
BDI-II scores and the four BCSS subscales. The Jonckheere-
Terpstra test was performed to investigate whether the OLIG2
SNP rs1059004 was associated with the scores on the four BCSS
subscales or those of BDI-II in an allele dose-dependent manner.
After the Jonckheere-Terpstra test, the post-hoc test was used
to compare the differences between each genotype using the
Bonferroni corrections.

The associations between the OLIG2 SNP rs1059004, self-
schema, and depressive symptoms were assessed using path

analysis. Structural equationmodeling was performed to evaluate
the association between the above-mentioned three variables
using SPSS and Amos 23, and model fits were estimated using
the maximum likelihood method. The two initial hypothetical
models shown in Figure 1 were constructed based on the results
of the trend test, bivariate correlation analysis, and a previous
study (32). In the two initial models shown in Figure 1, the self-
schema affects depressive symptoms, and OLIG2 SNP rs1059004
impacts schema and depressive symptoms in one direction. In
contrast, a negative schema influences or is affected by a positive
schema about the self. We removed paths scoring p > 0.05 from
the initial models and examined whether the model fit improved.
The best-fitting path model was ultimately adopted in the path
analysis. Chi-square statistics were used to test the goodness-of-
fit model, and the following fit indices were calculated: goodness-
of-fit index (GFI), adjusted GFI (AGFI), comparative fit index
(CFI), Akaike information criterion (AIC), and root mean square
error of approximation (RMSEA).

To investigate whether the OLIG2 SNP rs1059004 influenced
the severity of depressive symptoms and core schema about
the self and others in a gender-dependent manner, two-way
analysis of covariance (ANCOVA) controlling for age, with
genotype and gender as independent variables, was used to
assess differences in scores on the BDI-II and on the four
BCSS subscales between A-allele carriers (AA genotype +

AC genotype) and non-A-allele carriers (CC genotype). As
few individuals carried the AA genotype, subjects carrying
the AA genotype were combined with those carrying the AC
genotype, and the differences in scores on the BDI-II and
BCSS subscales were compared between carriers and non-
carriers of the A allele. Post-hoc analyses were performed using
Bonferroni corrections. Statistical significance was defined as a
two-tailed p < 0.05.

RESULTS

There were significant differences in age and in positive, negative,
and other subscale scores between men and women (Table 1).

The genotype distribution of the subjects was as follows:
homozygous A allele (n= 14, 2.5%), heterozygous A/C (n= 155,
28.3%), and homozygous C allele (n = 377, 69%), which did
not deviate from the HWE (χ2

= 0.33, p > 0.05). There were
no significant differences in age or sex among the three OLIG2
genotypic groups (Table 2).

Meanwhile, the Kruskal-Wallis test showed significant
differences in BDI-II and the negative and positive self subscales
of the BCSS among OLIG2 genotypes (p = 0.03, p = 0.042,
p= 0.015, respectively, Table 2). The Cronbach’s α values for the
BDI-II total score, the negative and positive self subscale scores,
and the negative and positive other subscale scores were 0.82,
0.80, 0.82, 0.78, and 0.86, respectively.

Bivariate Associations Between BDI-II and

Four BCSS Subscale Scores
Spearman’s bivariate correlation analysis revealed a positive
association between BDI-II score and the negative self
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FIGURE 1 | Initial path models between OLIG2 gene SNP rs1059004, self-core schema, and depressive symptoms. The two initial path models (AIC = 20, CFI = 1,

RMSEA = 0.363 in both models) shown in Figure 1 assume that OLIG2 SNP rs1059004 affects negative self-schema (negative self), positive self-schema (positive

self), and depressive symptoms in one direction. In contrast, hypothetical paths were not created among each self-schema. SNP, single nucleotide polymorphism;

AIC, Akaike information criterion; CFI, comparative fit index; RMSEA, root mean square error of approximation.

TABLE 1 | Demographics of all variables in the healthy subjects.

Men

(N = 313)

Women

(N = 233)

t-value p-valuea All subjects

(N = 546)

Age (mean ± sd, range) 20.7 ± 1.9, 18–27 20.3 ± 1.5, 18–26 2.622 0.009 20.5 ± 1.8, 18–27

BDI-II score (mean ± sd, range) 8.0 ± 6.2, 0–31 8.4 ± 6.3, 0–31 −0.78 0.436 8.2 ± 6.2, 0–31

BCSS subscale scores

Negative self score

(mean ± sd, range)

5.2 ± 4.4, 0–23 4.8 ± 4.3, 0–20 0.887 0.461 5.0 ± 4.3, 0–23

Positive self score

(mean ± sd, range)

6.0 ± 4.3, 0–23 5.2 ± 3.8, 0–23 2.219 0.04 5.6 ± 4.1, 0–23

Negative other score

(mean ± sd, range)

2.3 ± 3.1, 0–19 1.6 ± 2.5, 0–15 2.755 0.003 2.0 ± 2.9, 0–19

Positive other score

(mean ± sd, range)

8.0 ± 4.4, 0–20 8.9 ± 5.0, 0–24 −2.236 0.024 8.4 ± 4.7, 0–24

The table represents the mean ± sd of age and BDI-II and the BCSS scores among males and females, in addition to all other variables for all participants. The p-values and t-values

from t-tests are also shown.

BDI-II, Beck Depression Inventory-II; BCSS, Brief Core Schema Scale; sd, standard deviation.
at-test between men and women.

and negative other subscales of the BCSS (r = 0.636

and r = 0.296, respectively, p < 0.001, Table 3). There

was a significant negative association between BDI-II

score and the positive self and positive other subscales

of the BCSS (r = −0.459 and r = −0.306, respectively,
p < 0.001, Table 3).

Association Between OLIG2 SNP

rs1059004 and the Severity of Depressive

Symptoms
The present study found a significant association between
the OLIG2 SNP rs1059004 and BDI-II score in an allele

dose-dependent manner (Jonckheere-Terpstra test, p = 0.022,
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TABLE 2 | The demographics of subjects subdivided according to OLIG2 genotype.

Genotype

C/C C/A A/A p-value

N 377 (69.0%) 155 (28.3%) 14 (2.5%)

Age (mean ± sd, range) 20.5 ± 1.8, 18–27 20.6 ± 1.8, 18–27 20.3 ± 1.6, 18–24 0.864

Gender (male/female) 221/156 87/68 5/9 0.221

BDI-II (mean ± sd, range) 11 ± 5.6, 0–31 8.9 ± 6.6, 0–31 7.9 ± 6.1, 1–20 0.03

Scores on BCSS subscales

Negative self score

(mean ± sd, range)

4.8 ± 4.3, 0–23 5.7 ± 4.5, 0–20 5.8 ± 4.3, 0–13 0.042

Positive self score

(mean ± sd, range)

5.9 ± 4.1, 0–23 5.4 ± 4.2, 0–18 3.1 ± 3.6, 0–11 0.015

Negative other score

(mean ± sd, range)

2.1 ± 3.0, 0–19 2.0 ± 2.8, 0–15 1.5 ± 2.2, 0–8 0.847

Positive other score

(mean ± sd, range)

8.3 ± 4.7, 0–24 10.5 ± 4.9, 0–21 10.4 ± 4.5, 3–17 0.17

The table shows mean ± sd for age and gender for each OLIG2 SNP rs1059004 genotype. P-values for the analysis of variance (ANOVA) are used to compare the differences in age

among OLIG2 genotypes, and the chi-square tests between gender and OLIG2 genotype were represented in the table. The table shows p-values for the Kruskal-Wallis test to compare

the difference in BDI-II and BCSS subscales among OLIG2 genotypes.

sd, standard deviation.

TABLE 3 | Spearman’s bivariate correlation analysis of age, BDI-II score, and BCSS scores.

Age BDI-II Negative

self

Positive

self

Negative

other

Positive

other

Age –

BDI-II −0.057 –

Negative self −0.062 0.636** –

Positive self 0.096 −0.459** −0.404** –

Negative other −0.033 0.296** 0.357** 0.009 –

Positive other −0.050 −0.306** −0.202** 0.296** −0.349** –

The table exhibits Spearman’s correlation coefficients between age and scores on the BDI-II and the four BCSS subscales.

BDI-II, Beck Depression Inventory-II; BCSS, Brief Core Schema Scale.

**Bonferroni-corrected p < 0.001.

Figure 2A). Post-hoc analysis showed that AA genotype carriers
had a significantly higher BDI-II score than the CC genotype
carriers (Bonferroni-corrected p = 0.041, Figure 2A). Two-way
ANCOVA adjusted for age, with genotype and gender as the
fixed factors showed that there was a significant main effect
of genotype on BDI-II score (Table 4). However, the genotype-
gender interaction was not significant for the BDI-II score
(Table 4).

Association Between OLIG2 SNP

rs1059004 and Core Schema About the Self

and Others
The Jonckheere-Terpstra test showed that the OLIG2 SNP
rs1059004 was associated with both negative and positive
self-schema in an allele dose-dependent manner (Jonckheere-
Terpstra test, p = 0.012, p = 0.037; Figures 2B,C). Subjects
with the AC genotype had a significantly higher negative-self
subscale score than those with the CC genotype (Bonferroni-
corrected p = 0.026, Figure 2B). Individuals carrying the AA

genotype had a significantly lower positive-self subscale score
than those with the CC genotype and AC genotype, respectively
(Bonferroni-corrected p= 0.009, p= 0.049, Figure 2C).

Two-way ANCOVA controlling for age and with genotype
and gender as the fixed factors showed that there was a
significant main effect of genotype on negative-self subscale score
(Table 4). However, no significant genotype-gender interactions
were observed for scores on the four BCSS subscales (Table 4).

Path Analysis of the Relationship Between

OLIG2 rs1059004, the Self-Core Schema,

and Depressive Symptoms
We removed paths scoring p > 0.05 from the initial models
(AIC = 20, CFI = 1, RMSEA = 0.363 in both models) and
examined whether the model fit improved. Ultimately, the path
model shown in Figure 3 produced the best results in the model
fit evaluations (Chi-square = 2.669, df = 2, P = 0.263; GFI =
0.998; AGFI = 0.988; CFI = 0.998; AIC = 18.669; RMSEA =

0.025). The number of C alleles of theOLIG2 gene SNP rs1059004
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FIGURE 2 | (A) Association between genotype at SNP rs1059004 in the OLIG2 gene and BDI-II scores. There were significant correlations between A allele dosage

and BDI-II scores among the three genotype groups. BDI-II scores decreased in a C-allele dose-dependent manner (p = 0.022, Jonckheere-Terpstra test). AA

genotype carriers had a significantly higher BDI-II score than the CC genotype carriers (Bonferroni-corrected p = 0.041). (B) Association between genotype at SNP

rs1059004 in the OLIG2 gene and negative-self subscale scores. Significant gene-dose associations between the SNP rs1089004 and negative-self subscale scores

were observed among the three genotype groups. Negative-self subscale scores decreased in a C-allele dose-dependent manner (p = 0.012, Jonckheere-Terpstra

test). Subjects with AC genotype had a significantly higher negative-self subscale score compared to those with CC genotype (p = 0.026). (C) Association between

genotype at SNP rs1059004 and positive-self subscale scores. The Jonckheere-Terpstra test also showed significant associations between A allele dosage and

positive-self subscale scores among the three genotype groups. Positive-self subscale scores increased in a C-allele dose-dependent manner (p = 0.037,

Jonckheere-Terpstra test). People carrying the AA genotype had a significantly lower positive-self subscale score than those with the CC genotype and AC

genotype, respectively (Bonferroni-corrected p = 0.009, p = 0.049). The bars of the box plot show the range from minimum scores to maximum scores. SNP, single

nucleotide polymorphism. *p < 0.05, **p < 0.01 compared to the CC genotype.

was negatively associated with the negative self-schema, and the
schema was assumed to affect the positive self-schema and lead
to a higher severity of depressive symptoms (Figure 3).

DISCUSSION

Based on prior evidence that the disruption of oligodendrocytes
may be implicated in the pathology of MDD, the present

study hypothesized an association between the OLIG2 SNP
rs1059004 and the negative self-schema, constructing trait factors
underlying susceptibility to MDD. To verify this hypothesis,
the associations between the OLIG2 SNP rs1059004, BCSS and
BDI-II scores were examined in 546 healthy subjects. Consistent
with the above hypothesis, the number of C alleles in the
OLIG2 gene SNP rs1059004 was associated with decreased BDI-
II scores and the negative BCSS self-schema subscale in an allele

Frontiers in Psychiatry | www.frontiersin.org 6 March 2021 | Volume 12 | Article 631475100

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Komatsu et al. SNP rs1059004 and Negative Self-Schema

TABLE 4 | The results of two-way ANCOVA controlling for age, with genotype and gender as independent variables.

Men Women Genotype Gender Genotype× Gender

Non-A-allele

carriers

(CC genotype)

A-allele carriers

(AA genotype +AC

genotype)

Non-A-allele

carriers

(CC genotype)

A-allele carriers

(AA genotype +AC

genotype)

F p F p F p

N 221 92 156 77

BDI-II (mean ± sd) 7.88 ± 6.03 8.48 ± 6.63 7.86 ± 6.30 9.74 ± 6.28 4.569 0.033 0.889 0.346 1.219 0.27

Scores on subscales of BCSS

Negative self

schema score

(mean ± sd)

4.98 ± 4.33 5.79 ± 4.61 4.51 ± 4.29 5.62 ± 4.41 5.626 0.018 0.81 0.368 0.131 0.718

Positive self

schema score

(mean ± sd)

6.18 ± 4.28 5.59 ± 4.52 5.40 ± 3.78 4.82 ± 3.81 2.449 0.118 2.988 0.084 0 0.998

Negative other

schema score

(mean ± sd)

2.41 ± 3.20 2.09 ± 2.99 1.56 ± 2.56 1.75 ± 2.42 0.055 0.815 5.444 0.02 0.911 0.34

Positive other

schema score

(mean ± sd)

7.79 ± 4.39 8.73 ± 4.69 8.92 ± 5.05 9.13 ± 5.18 1.722 0.19 2.492 0.115 0.664 0.416

The table displays differences in the scores on the BDI-II and the BCSS by gender between A-allele carriers and non-A allele carriers. F-values and p-values for the main effect of

genotype, gender and their interaction effect are also represented in the table.

BDI-II, Beck Depression Inventory-II; BCSS, Brief Core Schema Scale; sd, standard deviation.

dose-dependent manner. Path analysis revealed that a negative
self-schema mediated the association between the OLIG2 SNP
rs1059004 and the severity of depressive symptoms. The results
of the present study indicate that the OLIG2 SNP rs1059004 has a
predictive impact on depressive symptoms via a negative schema
of the self. In addition, the results suggest the involvement of a
genetic factor regulating oligodendrocyte function in generating
a negative-self schema that plays a major role in constructing
factors underlying susceptibility to depression.

Although previous studies have not found significant
differences in scores for any BCSS subscale between men and
women (30, 31), the current study found that gender created
significant differences in positive, negative, and “other” BCSS
subscale scores. This discrepancy in the results may be due
to differences in the ethnicities, number, and/or ages of the
participants. The findings of the present study indicate that the
positive self-schema may be affected by a variety of experiences
during young adulthood in the Japanese population. In contrast,
four of the BCSS subscales were significantly correlated with the
severity of depressive symptoms, consistent with previous reports
(30, 31).

Previous genetic association studies have exclusively focused
on genes related to monoamines, the hypothalamic-pituitary-
adrenal axis, and glutamatergic neurotransmitters. For example,
polymorphisms of the glucocorticoid receptor gene, monoamine
oxidase A gene, and group-2 metabotropic glutamate receptor
gene have been previously reported to be associated with MDD
(41–44). Although polymorphisms of oligodendrocyte-related
genes have been shown to be associated with schizophrenia (24),
no previous studies have investigated the genetic association
between the polymorphisms of oligodendrocyte-related

genes and MDD. This is the first study to reveal that the
OLIG2 SNP rs1059004 was associated with the severity of
depressive symptoms and with negative self-schema. Whether
oligodendrocyte disruption is a causative factor in mood
dysregulation remains unclear, but several studies have suggested
that changes in oligodendrocyte function and structure can
influence neural circuits that mediate mood regulation in mice
(8, 45–47). For example, mice exposed to cuprizone, a mouse
model of demyelination, showed deceased anxiety-like behavior.
Moreover, mice lacking the Cnp1 oligodendrocyte-related gene
were found to show depressive-like behaviors (45). Therefore,
the OLIG2 SNP rs1059004 may be associated with the severity of
depressive symptoms and negative self-schema by influencing
the function of oligodendrocytes. One functional magnetic
resonance imaging-based study indicated that the activities of
the anterior cingulate cortex and the inferior frontal cortex are
involved in negative self-reflection (48), and prior investigations
have found that the OLIG2 polymorphism rs1059004 affects not
only white matter integrity but also resting-state cerebral blood
flow in widespread brain regions, including the anterior cingulate
and inferior frontal regions (23). Therefore, the effect of SNP
rs1059004 on brain perfusion may be a biological mechanism
underlying the association between the variant and negative
self-schema. Further studies are needed to reveal the biological
basis of the association between the OLIG2 SNP rs1059004 and
negative self-schema.

Beck proposed the cognitive model of depression, in which
individuals who hold negative self-schemas are vulnerable to
developing depression in the future (29). Evans et al. revealed that
a negative self-schemawas a risk factor for the onset of depression
in women in a longitudinal study (32). This finding may support
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FIGURE 3 | Relationships between OLIG2 SNP rs1059004, self-core schema and depressive symptoms. Paths scoring p > 0.05 were removed from the initial

models, and the best-fitting path model was ultimately adopted in the path analysis. The path model produced the best model fit results, as shown below:

Chi-square = 2.669, df = 2, P = 0.263; GFI = 0.998; AGFI = 0.988; CFI = 0.998; AIC = 18.669; and RMSEA = 0.025. This path model indicates the predictive

effect of the OLIG2 SNP rs1059004 on depressive symptoms via a negative self-schema (negative self) that influences a positive self-schema (positive self). SNP,

single nucleotide polymorphism; GFI, goodness-of-fit index; AGFI, adjusted GFI; CFI, comparative fit index; AIC, Akaike information criterion; RMSEA, root mean

square error of approximation.

the cognitive model of depression proposed by Beck. Therefore,
negative self-schema could play a major role in constructing
trait factors underlying susceptibility to MDD. The results of
the present study indicate a significant association between the
OLIG2 SNP rs1059004 and a negative self-schema, constructing
trait factors concerning susceptibility to MDD. Considering
the significant association between the OLIG2 SNP rs1059004
and a negative self-schema as the trait factor underlying the
development of depression, it would be worthwhile to conduct
a longitudinal study investigating whether SNP rs1059004 affects
the risk of the onset of MDD by influencing negative self-schema.

The present study has several limitations. First, the
participants were limited in terms of age and education
history; that is, only young adults and university, college, or
postgraduate students were examined; therefore, the results
of the present study may not apply to the general population.
The second limitation is the cross-sectional nature, which
cannot disentangle the direction of effects between variables.
The third limitation is that some problems have recently arisen
regarding single-gene studies of multifactorial phenotypes, such
as depression, and many studies have failed to be replicable.

For example, Culverhouse et al. found no proof that the
thousands of studies on the relationship between 5-HTTLPR
and depression provided evidence of a genuine genetic difference
(49). More recently, Border et al. found no evidence for “any
candidate gene polymorphism associations with depression
phenotypes or any polymorphism-by-environment moderator
effects (50).” Although a negative self-schema can relatively
reflect trait factors compared with depression, the phenotype
is also highly polygenic, and the genetic effect expected from
a single gene can be small. However, in the present study,
the number of participants was small, the AA genotype was
relatively low compared to other genotypes, the power was
insufficient, and cross-validation was not performed. Therefore,
it will be necessary to replicate these results with a much larger
sample size in the future. The fourth limitation is that it is not
clear whether the genetic association in the present study is
applied to ethnicities other than Japanese. The fifth limitation
is that although prior studies indicated that SNP rs1059004
predicted OLIG2 gene expression in Caucasian subjects, it
is unclear whether a significant association exists between
the SNP rs1059004 and OLIG2 gene expression in Japanese
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subjects. This study is the first to indicate a significant genetic
association between the OLIG2 SNP rs1059004 and negative
self-schema as a trait factor in susceptibility to MDD in Japanese
subjects. The results of the present study suggest an association
between the OLIG2 SNP rs1059004 and negative self-schema
by influencing the function of oligodendrocytes. These results
may support the involvement of a genetic factor regulating
oligodendrocyte function in generating a negative self-schema
as a trait factor underlying susceptibility to depression in the
pathology of MDD.
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Bipolar disorder (BD) is a major and highly heritable mental illness with severe

psychosocial impairment, but its etiology and pathogenesis remains unclear. This study

aimed to identify the essential pathways and genes involved in BD using weighted

gene coexpression network analysis (WGCNA), a bioinformatic method studying the

relationships between genes and phenotypes. Using two available BD gene expression

datasets (GSE5388, GSE5389), we constructed a gene coexpression network and

identifiedmodules related to BD. The analyses of GeneOntology and Kyoto Encyclopedia

of Genes andGenomes pathwayswere performed to explore functional enrichment of the

candidate modules. A protein-protein interaction (PPI) network was further constructed

to identify the potential hub genes. Ten coexpression modules were identified from the

top 5,000 genes in 77 samples and three modules were significantly associated with

BD, which were involved in several biological processes (e.g., the actin filament-based

process) and pathways (e.g., MAPK signaling). Four genes (NOTCH1, POMC, NGF,

and DRD2) were identified as candidate hub genes by PPI analysis and CytoHubba.

Finally, we carried out validation analyses in a separate dataset, GSE12649, and verified

NOTCH1 as a hub gene and the involvement of several biological processes such as actin

filament-based process and axon development. Taken together, our findings revealed

several candidate pathways and genes (NOTCH1) in the pathogenesis of BD and call for

further investigation for their potential research values in BD diagnosis and treatment.

Keywords: bipolar disorders, coexpression modules, hub genes, WGCNA, pathway analysis

INTRODUCTION

Bipolar disorder (BD) is a chronic and recurrent severe mental disorder that affect about 1% global
population (1). The disease is associated with high heritability, ranging from 70 to 90% (2), but
its key genetic and neurobiological mechanisms are still not recognized. With the development
of high-throughput sequencing technology, significant progress has been made in the genomics
of BD. Recently, some systematic reviews and genome-wide association study (GWAS) findings
have revealed more than 40 genes, including ANK3, ERBB2, ODZ4, CACNA1C, and FADS (3, 4).
Pathway analyses of these genes showed that they were involved the regulation of insulin secretion,
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apoptosis, immunological response, neuroplasticity, HPA axis
dysregulation, and the signal of endocannabinoid, etc., (5, 6).
Recent RNA-sequencing studies also highlight dysregulation of
neuroplasticity, circadian rhythms, as well as GTPase binding
in BD (7). These findings provide clear evidence that BD
is associated with an extensive polygenic genetic architecture
(5), which calls for the network-level investigation to reveal
the correspondence between risk genes and phenotypes. By
combining public microarray data with bioinformatic analysis,
we can gain an in-depth understanding of the molecular
processes and pathogenesis of BD.

Weighted gene coexpression network analysis (WGCNA)
is a bioinformatic method to study the relationships between
genes and phenotypes. Recently, this technique has been widely
applied to neurological and psychiatric disorders, including
posttraumatic stress disorder, depression, schizophrenia,
Alzheimer’s disease, and Huntington’s disease (8–13). Different
from previous research methods focusing on individual genes,
WGCNA transforms gene expression profiles into coexpression
networks (modules). By examining modules of highly correlated
genes, this method provides insights into the signaling networks
that may be responsible for phenotypic traits of interest and the
results may help identify the candidate biomarkers or therapeutic
targets of many biological processes (14, 15).

The aim of this study is to reveal gene modules related to BD
and to identify their functional pathways and potential hub genes.
Using two available BD gene expression datasets (GSE5388,
GSE5389), we constructed a gene coexpression network using
WGCNA. For the modules related to BD, we then performed
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses to reveal the pathways enriched in
these modules. In addition, a protein-protein interaction (PPI)
network was constructed for the module of interest to identify
candidate hub genes. Finally, we carried out validation analyses
in a separate dataset GSE12649. These analyses based on gene
coexpression profiles would shed light on the polygenic genetic
architecture of BD and help to reveal the potential gene markers
for BD diagnosis and treatment.

MATERIALS AND METHODS

Microarray Data
Two gene expression datasets of BD patients, GSE5388, and
GSE5389, were downloaded from the GEO database in May
2019 (https://www.ncbi.nlm.nih.gov/geo/). The GSE5388 dataset
contained 61 samples (30 bipolar and 31 control subjects) from
the dorsolateral prefrontal cortex (DLPFC). The GSE5389 dataset
contained 21 samples (10 bipolar and 11 control subjects) from
the orbitofrontal cortex (OFC). Both datasets were from the study
of Ryan et al. (16) and based on the GPL96 platform ([HG-
U133A] Affymetrix Human Genome U133A Array). The clinical
data of these datasets, such as diagnosis, demographics (e.g.,
age, sex), and technical information (e.g., post-mortem interval,
pH, RNA degradation, Batch), were also obtained. These two
datasets were chosen based on prior evidence of involvement of
DLPFC and OFC in BD (17). Ryan and colleagues found that
gene expression changes in two regions were comparable (16),

which suggests that the two datasets could be merged. Below we
performed quality control analysis to furthermake sure that there
are no batch effects between the two datasets.

Data Preprocessing and Quality Control
The preprocessing was carried out separately for each dataset,
including quality control and normalization, using the affy
package in R (version 3.6.0; https://www.r-project.org/) (18).
Demographic and technical variables were treated as covariates
to control for their potential influence on the differences between
bipolar and control subjects. The samples with standardized
sample network connection Z-scores <-2 were excluded
from further analysis. Five samples (GSM123204, GSM123205,
GSM123206, GSM123214, and GSM123243) were defined as
outliers and removed, resulting in 77 samples for final analysis.
The chip scan date extracted from the metadata was used as
an experimental batch for each dataset. The ComBat function
of sva package in R was used to correct for batch effects (19).
Annotations to the probes were performed using Ensembl gene
IDs (v75; Feb 2014 data freeze) by the biomaRt package in R
(20). A larger dataset was built by merging the two datasets
following previous practics (12). The ComBat function was used
to eliminate study batch effects if present (19).

Weighted Gene Coexpression Network
Analysis (WGCNA)
The WGCNA was performed on the average expression levels of
the top 5,000 genes in 77 samples using the WGCNA package
in R (14). The sample network connectivity was standardized by
function scale according to the distance before WGCNA, which
excluded the outlier samples connectivity <-5. The hierarchical
clustering of samples was analyzed using the default method
(hclust function), and no sample outliers were found. The soft
thresholding power was then screened by the pickSoftThreshold
function. Candidate powers from 1 to 20 were applied to test
the mean connectivity degrees and the independence of modules.
The soft thresholding power was selected if the R2 ≧ 0.8. To
construct the WGCNA, the blockwiseModules function in R was
used, and multiple parameters were defined. Here, the following
parameters were used: power = 8, minModuleSize = 50,
deepSplit= 1, networkType= “unsigned.” Themodule detection
process was performed automatically by BlockwiseModules.
Specifically, it can build a correlation network, create a cluster
tree, and then merge nearby branches to form modules.
A hierarchical clustering tree (dendrogram) was plotted to
display hierarchical clustering. DissTOM (1-Topological Overlap
Matrix) was calculated, and the relationships among all genes
were visualized in R. Finally, the heatmap function in R was used
to analyze the correlations between the modules.

Relationship Analysis Between
Coexpression Modules and BD
The module eigengene (ME) represents the first principal
component in each module and therefore reflects the level of
gene expression in the module (14). Pearson’s correlation test
was applied to assess the correlation between ME and BD and
the heatmap package in R was used to visualize the correlations
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between modules and BD. Modules with significantly negative
or positive correlations between ME and clinical traits were
considered as candidate modules.

GO and KEGG Analyses of Coexpression
Modules for Bipolar Disorder
The Gene Ontology (GO) analysis, which includes the biological
process (BP), cellular component (CC), and molecular function
(MF) ontologies, is a standard method for gene functional
annotation (21, 22). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, which stores gene metabolic
pathways, is widely used to determine functional enrichment
(23). Here, GO and KEGG analyses were performed for the
genes in candidate modules in Metascape (http://metascape.org/
gp/index.html#/main/step1), which is a reliable and widely used
online software for omics-based research (24). The candidate
modules were calculated with a P-value cutoff of 0.01, a min
overlap of 3, and a min enrichment of 1.5.

Protein-Protein Interaction Network
Analysis for Selected Modules of Bipolar
Disorder
The genes in candidate modules were mapped into the STRING
database (Version 11.0, https://string-db.org/) for PPI network
analysis. The Cytoscape software (v3.7.1) (25) was used for
visualization, and the CytoHubba plug-in (http://hub.iis.sinica.
edu.tw/cytohubba/) was applied to find hub genes in each
module. To reduce potential errors caused by a complex
biological network, it is necessary to use multiple methods
to identify essential proteins (26). Hub genes were analyzed
by CytoHubba using the following five methods: maximum
neighborhood component, node connect degree, closeness, edge
percolated component, and radiality (27–29).

Validation Using Another Gene Expression
Dataset of BD
The microarray dataset GSE12649, which was deposited by
Iwamoto et al. (30), was used to validate our findings. This
dataset contained 102 subjects from the prefrontal cortex
(BA46), including 33 BD, 35 schizophrenia, and 34 control
subjects. The BD and control samples were used for validation
analysis. We carried out the same analyses as our main study,
including data preprocessing, WGCNA, GO and KEGG analyses,
PPI visualization, and hub genes screening. We validated our
previous GO enrichment and KEGG pathway results in this
dataset, focusing on top five GO enrichment results in each
module and the important KEGG pathways. Finally, the hub
genes of main and validation analyses were compared with each
other to identify shared hub genes across datasets.

RESULTS

Data Preprocessing and Quality Control
As shown in the boxplots and histograms, each microarray
dataset indicated valid normalization and quality control
for further analyses (Supplementary Figure 1). Bipolar

and control status were not significantly associated
with sex, age, pH, post-mortem interval (PMI), RNA
degradation (RNAdeg), and Batch (P > 0.05). Five samples
(GSM123204, GSM123205, GSM123206, GSM123214,
and GSM123243) were defined as outliers and removed,
resulting in 77 samples for final analysis. There were a
total of 12,300 genes shared between the two datasets
and no batch effects were observed (P > 0.05; see
Supplementary Figure 2). The gene coexpression network
was constructed by 5,000 genes with the highest average
expression values (31).

WGCNA to Identify Modules Critical to BD
The clustering results in Supplementary Figure 3 showed
that all 77 samples were clustered well. With a soft-
threshold power of 8 (Figure 1A), nine coexpression modules
were identified, ranging in size from 192 to 1,419 genes
(Figures 1B,C). Specifically, there were 1,419 genes in module
1 (MEturquoise), 944 genes in module 2 (MEblue), 749
genes in module 3 (MEbrown), 352 genes in module 4
(MEyellow), 318 genes in module 5 (MEgreen), 272 genes
in module 6 (MEred), 211 genes in module 7 (MEblack),
196 genes in module 8 (MEpink), and 192 genes in module
9 (MEmagenta). In addition, 374 genes not assigned to any
of the above modules were classified as a gene set Module
0 (MEgrey). The interactions among the ten modules
are shown in Figure 2 and suggest that the modules were
relatively independent.

The correlations between the coexpression modules and
clinical traits are shown in Figure 3. Three modules were
significantly associated with BD status (Bonferroni-corrected
P < 0.05). The MEblue module (r = 0.39, P = 4e-04,
corrected P = 4e-03) showed a positive correlation, whereas
the MEgreen (r = −0.39, P = 5e-04, corrected P = 5e-
03), and MEturquoise (r = −0.38, P = 6e-04, corrected
P = 6e-03) modules showed negative correlations. None
of the 10 modules was significantly associated with sex or
age (Ps > 0.05).

Gene Function and Annotation Enrichment
(Functional Enrichment) Analysis of Key
Modules
As shown in Figure 4, the GO and KEGG pathway analyses
were performed for the three key modules. The top five
GO enrichment results showed that genes in MEblue were
mainly enriched in GO:0003012 (muscle system process),
GO:1901137 (carbohydrate derivative biosynthetic process),
GO:0030029 (actin filament-based process), GO:0061564
(axon development), and GO:0010817 (regulation of hormone
levels). Genes in MEgreen were enriched in GO:0071417
(cellular response to organonitrogen compound), GO:0017038
(protein import), GO:0042391 (regulation of membrane
potential), GO:0005773 (vacuole), GO:0018105 (peptidyl-
serine phosphorylation). Genes in MEturquoise were mainly
enriched in GO:0016604 (nuclear body), GO:0006397 (mRNA
processing), GO:0006403 (RNA localization), GO:0006753
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FIGURE 1 | Construction of genes coexpression modules for BD. (A) Analysis of network topology for a set of soft-thresholding powers. (B) Number of genes in each

coexpression module. (C) Construction of genes coexpression modules. Each color represents a module and each branch represents a gene. ME, module.

(nucleoside phosphate metabolic process), and GO:0005635
(nuclear envelope). For the top 20 clusters enriched in each
module, please refer to Supplementary Table 1.

The KEGG pathway analysis showed that genes in
MEblue were mainly enriched in hsa04010 (MAPK signaling

pathway), hsa01522 (Endocrine resistance), and hsa05414
(Dilated cardiomyopathy), and genes in MEgreen were
mainly enriched in hsa03450 (Non-homologous end-
joining). No significantly enriched pathways were found
for MEturquoise.
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FIGURE 2 | Visualization of TOM of co-expressed genes in different modules by a heat map. Light colors indicate low overlap and dark red indicates high overlap. The

darker color blocks along the diagonal are coexpression modules.

Visualization of the PPI Network and Hub
Genes
Among the 3 modules, MEblue (r = 0.39, P = 4e-04) and
MEgreen (r = −0.39, P = 5e-04) had the strongest correlations
with BD, and the number of genes in MEblue was greater than
that in MEgreen. Therefore, we selected the MEblue module
for the subsequent analysis (32). The PPI network analysis was
performed on the MEblue module using the STRING database.
As a result, 853 nodes and 2,687 edges were established in
the module and the PPI enrichment P-value was 1.0e-12. The
interactions of proteins in MEblue were selected and converted
into a network, which was visualized with Cytoscape, as shown
in Figure 5. Each term is represented by a circular node, and
its cluster identity is represented by its color. The top 10 hub
genes in the PPI network were calculated by CytoHubba (28).
As a result, four genes (NOTCH1, POMC, NGF, and DRD2),
which overlapped among the five methods, were deemed hub
genes. Then we analyzed the gene expression levels of these hub

genes, and found that, compared with controls, the expression
level ofNOTCH1 (t75 = 2.159, P= 0.034),NGF (t75 = 3.183, P=

0.002), and POMC (t75 = 3.791, P = 3e-04) presented significant
up-regulation in BD (Supplementary Figure 4).

Validation of Gene Function, Annotation
Enrichment, and Hub Genes
In an independent dataset, GSE12649, we carried out the
same analyses as above to validate our results. WGCNA
revealed seven coexpression modules in this dataset. Among
these modules, MEbrown (including 460 genes) showed a
significant positive correlation (r = 0.27, P = 0.04) with BD
(Supplementary Table 2). In this module, we then validated
the top five GO functional enrichment results of each
module and four KEGG pathways we observed previously
(Supplementary Table 3). The following GO enrichment results
appeared in the clusters of MEbrown: GO:0071417 (cellular
response to organonitrogen compound), GO:0030029 (actin
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FIGURE 3 | Module-trait relationship. Each row corresponds to a module eigengene, and each column corresponds to one feature. Each cell contains the

corresponding correlation and p-value.

filament-based process), GO:0003012 (muscle system process),
GO:0061564 (axon development), GO:0010817 (regulation
of hormone levels), Go:0042391 (regulation of membrane
potential). Among the four important KEGG pathways, only
the hsa05414 (Dilated cardiomyopathy) was verified in the
MEbrown. Finally, among the four hub genes of the main results,
NOTCH1 was verified as a hub gene in this validation dataset
(Supplementary Table 4).

DISCUSSION

In this study, we applied WGCNA to the BD gene expression
profiles GSE5388 and GSE538 and identified 10 modules on
the top 5,000 genes from 77 samples. Three out of 10 modules
were significantly associated with BD. Functional enrichment

and the PPI network of these BD-related modules were explored
with Metascape and the STRING database. We then identified
four genes, NOTCH1, POMC, NGF, and DRD2, as hub genes
underlying BD. In a further validation analysis using a separate
dataset (GSE12649), we validated several biological processes
and pathways (such as actin filament-based process, axon
development, hormone level regulation) and NOTCH1 as a hub
gene of BD.

To understand the genetic mechanisms of BD, various studies
have been carried out, adopting various genetic techniques
such as microarray, single-cell sequencing, RNA-sequencing, and
GWAS. The microarray datasets we analyzed were contributed
by Ryan and colleagues; their results suggest that BD is
associated with the dysregulation of the ubiquitin pathway and
synaptic genes in orbitofrontal cortex (16). As we mentioned
in the Introduction, given the complex and multifactorial
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FIGURE 4 | Functional enrichment analysis of three co-expressing network modules: enriched terms are represented by circle nodes, and nodes of the same color

belong to the same cluster. (A) Colored by cluster ID in MEBlue, where nodes that share the same cluster ID are typically close to each other. (B) Colored by cluster ID

in METurquoise. (C) Colored by cluster ID in MEGreen. ME, module.

nature of BD genetic mechanisms, here we investigated the
potential alterations of the interconnection between genes
in BD using WGCNA (33). We identified three critical
modules in the main analyses, which are associated with
various biological processes and pathways, such as muscle
system processes, biosynthesis of carbohydrate derivatives,
actin filament formation, axon development, hormone level
regulation, MAPK signaling pathway, and endocrine resistance.
Some of these findings were confirmed in the validation analysis
in a separate dataset, such as actin filament-based process, axon
development, hormone level regulation. Previous studies have
revealed alterations of gene sets mediating synaptic transmission
and nervous system development in BD based on microarray
technology (16), pathway-based analyses (34) or prioritized
gene framework (35) of the genome-wide association datasets.
Other studies have highlighted many other pathways, showing
convergence on neuroplasticity (5–7). Our findings of actin
filament-based process and axon development are in line with
consistent observations of neuroplasticity alterations in BD
and provide evidence for potential frontal structural plasticity
abnormalities in BD.

The most significant KEGG pathways associated with BD
were the MAPK signaling pathway and endocrine resistance.
A GWAS study has shown that one of the KEGG pathways
involved in BD was the MAPK signaling pathway (36), which is
involved in mediating entrainment of the circadian system (37).

Many circadian genes have been associated with BD (38). The
MAPK change in the intracellular signal cascade may be caused
by the immune imbalance in BD (39). Endocrine resistance
refers to resistance to endocrine therapy agents, such as selective
estrogen receptor modulators (e.g., tamoxifen). Some studies
have found that tamoxifen was effective against manic episodes
(40) and our study lends further support to the potential role
of endocrine resistance in BD pathogenesis. Nevertheless, these
two pathways were not confirmed in the validation dataset.
Instead, both primary and validation datasets revealed that
BD-related modules are mainly enriched in has05414 (Dilated
cardiomyopathy). Future studies are warranted to examine
whether this pathway is involved in the pathophysiology of BD
or a by-product of long-term mood stabilizer treatment.

The Notch signaling pathway plays critical roles in neural
development and brain homeostasis and is involved in neuronal
migration, early differentiation, memory formation, and synaptic
plasticity (41). The Notch receptor contains four members
(Notch1, Notch2, Notch3, and Notch4), and their expression
patterns in the forebrain are as follows: NOTCH1 in neurons,
astrocytes, precursors, ependymal cells, and endothelium;
NOTCH2 in neurons and precursors; NOTCH3 in precursors;
NOTCH4 in the endothelium (42). The Notch pathway is closely
associated with the pathological mechanism of BD (43, 44). For
example, the NOTCH4 gene expression in peripheral blood cells
has been found to be upregulated in BD (45). The NOTCH3
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FIGURE 5 | Protein-protein interaction network of MEBlue for BD. Yellow node represents the most important protein of the network and the related gene is defined

as hub gene. Node size represents the degree of connectivity.

mutation has also been reported in BD, which however was
not consistent across studies (46, 47). A recent WGCNA study
with relatively small samples (17 BD vs. 19 controls) from the
prefrontal cortex reported NOTCH2 as one of the 30 hub genes
in BD (48). Our results highlight NOTCH1 as a hub gene for
BD in both primary and validation datasets. While these results
together suggest the involvement of Notch pathway in BD, the
inconsistent findings across studies may arise from differences
in tissue types, analysis methods, and sample sizes. Intriguingly,
the NOTCH1 signaling could be activated by valproic acid (49),
a commonly used mood stabilizer, which suggests that NOTCH1
may serve as a potential treatment target for BD.

Our main results also revealed POMC,NGF, andDRD2 as hub
genes for BD. Proopiomelanocortin (POMC)-derived peptides
are involved in the regulation of energy homeostasis, learning,
memory, inflammation, and immune modulation (50, 51). The
significantly increased levels of the critical pituitary hormones
POMC indicated dysfunction of the HPA axis of BD (52, 53).
POMC is also one of the shared genes between mood disorder

and cardiometabolic diseases (54). In the central nervous system,
nerve growth factor (NGF) play key roles in neuroprotection and
neural repair (55). Based on published GWASs and candidate
gene studies, the NGF gene might be a useful biological marker
for the manic state and early detection of conversion from
significant depression to BD (56–58). Finally, the DRD2 gene
encodes the D2 subtype of the dopamine receptor. Several studies
have shown that the DRD2 gene is associated with BD and that
polymorphism in DRD2 may play a role in BD development
(59–61). However, these candidate genes were not observed in
the validation dataset and their involvement in BD warrants
further scrutiny.

LIMITATIONS

Our study has some limitations. First, the small sample size
for WGCNA may affect the robustness of the observed results.
Sample sizes in our main and validation datasets met the
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minimum requirements for WGCNA (i.e., larger than 15
samples per group) (62), but may be not large enough to
detect modules with smaller effect sizes. Future studies with
larger sample sizes are needed to validate our findings. Second,
compared to RNA-sequencing, the microarray data is limited
by the probes pre-defined by the manufacturer and is not
sensitive to low-abundance genes. As the RNA-sequencing
data storage and analysis become increasingly available to
researchers, future studies have the opportunities to reveal other
potential BD-related genetic alterations. Third, the brain tissue
we analyzed contained multiple cell types, which may have
different gene expression profiles. For instance, the NOTCH1
seems to have higher expression levels in glia cells than in
neurons [Supplementary Figure 5, based on the single-cell RNA
sequence of 466 cells in the healthy human brain in a public
scRNA-seq database scRNASeqDB (63, 64)]. Our study may fail
to detect BD-related changes in specific cell types; it is also
unclear whether our results were driven by one or some cell types.
Future investigation is warranted to reveal the cell-type-specific
alterations associated with BD. Finally, this was a preliminary
study by using public data, and the results need to be further
validated with molecular biology experiments. Although some
essential genes and pathways were verified in another dataset
(GSE12649), the reliability of our study was still insufficient and
the findings should be interpreted with caution.

CONCLUSIONS

In summary, we performed WGCNA in independent gene
expression datasets and highlighted NOTCH1 as one candidate
gene of BD and the involvement of several biological processes
such as actin filament-based process and axon development,

which might be targets for BD diagnosis and treatment.
These results provide new perspectives for understanding BD
pathogenesis and invite further investigations and validations
on the candidate genes and biological processes/pathways
we observed.
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Psychosis is a highly heritable and heterogeneous psychiatric condition. Its genetic
architecture is thought to be the result of the joint effect of common and rare variants.
Families with high prevalence are an interesting approach to shed light on the rare
variant’s contribution without the need of collecting large cohorts. To unravel the
genomic architecture of a family enriched for psychosis, with four affected individuals,
we applied a system genomic approach based on karyotyping, genotyping by whole-
exome sequencing to search for rare single nucleotide variants (SNVs) and SNP array to
search for copy-number variants (CNVs). We identified a rare non-synonymous variant,
g.39914279 C > G, in the MACF1 gene, segregating with psychosis. Rare variants in
the MACF1 gene have been previously detected in SCZ patients. Besides, two rare
CNVs, DUP3p26.3 and DUP16q23.3, were also identified in the family affecting relevant
genes (CNTN6 and CDH13, respectively). We hypothesize that the co-segregation of
these duplications with the rare variant g.39914279 C > G of MACF1 gene precipitated
with schizophrenia and schizoaffective disorder.

Keywords: copy number variant, whole exome sequencing, schizophrenia, CDH13, CNTN6, MACF1

INTRODUCTION

Schizophrenia (SCZ), despite a relatively low prevalence, estimated to be around 0.75% (Moreno-
Küstner et al., 2018), is ranked among the top 15 leading causes of disability worldwide (GBD 2016
Disease and Injury Incidence and Prevalence Collaborators, 2017). As much as 80% (Lichtenstein
et al., 2009; Hilker et al., 2018) of SCZ risk may be explained by genetic factors, including both

Frontiers in Genetics | www.frontiersin.org 1 April 2021 | Volume 12 | Article 622886116

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.622886
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2021.622886
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.622886&domain=pdf&date_stamp=2021-04-07
https://www.frontiersin.org/articles/10.3389/fgene.2021.622886/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-622886 March 30, 2021 Time: 13:30 # 2

Pol-Fuster et al. Rare Variants Associated With Psychosis

common and rare genomic variants. Through genome-wide
association studies (GWAS) hundreds of variants have been
identified (Manolio et al., 2009; Schizophrenia Working Group
of the Psychiatric Genomics Consortium, 2014; Bipolar Disorder
and Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2018), with an overall contribution of around 25%
(Lee et al., 2012). Common SNPs have shown weak individual
effects (odds ratios, <1.2); however, copy number variants
(CNVs), with a high impact on gene dosage, have been implicated
in SCZ with larger effect size compared to SNPs (odds ratios, 2–
57) (Rees et al., 2014). Moreover, increased SCZ susceptibility
has been associated with increased frequencies of CNVs (The
International Schizophrenia Consortium, 2008; Grozeva et al.,
2012; Szatkiewicz et al., 2020) and large deletions (Bergen et al.,
2012; Szatkiewicz et al., 2020). In addition to CNVs, rare de
novo or recent single-nucleotide variants (SNVs) with large
effects have emerged as highly penetrant contributors (Purcell
et al., 2014; Genovese et al., 2016; Singh et al., 2016; Steinberg
et al., 2017), thanks to the availability of next-generation whole
genome or exome sequencing. Overall, psychotic disorders as
SCZ or bipolar disorder (BD) are the consequence of inheriting
a genomic architecture where rare variants with high impact
precipitate together with common variants with lower impact.
Family-based studies are a powerful strategy to identify rare
SNVs or CNVs without the need of collecting large cohorts. The
purpose of the current study was to conduct a systematic genomic
approach to study a Majorcan family enriched for psychosis,
having two subjects with SCZ, and two with schizoaffective
disorder (SCA).

MATERIALS AND METHODS

Psychiatric and Cognitive Assessments
All family members underwent semi-structured interviews, using
the Spanish version of the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders (DSM-
IV) Axis I (SCID-I), the Positive and Negative Syndrome Scale
(PANNS), and the Diagnostic Interview for Genetic Studies
(DIGS) (Supplementary Table 1). The cognitive assessment
was performed using the Measurement and Treatment Research
to Improve Cognition in Schizophrenia Consensus Cognitive
Battery (MATRICS). It includes the assessment of 7 cognitive
domains: speed of processing, attention/vigilance, working
memory, verbal learning, visual learning, reasoning and problem
solving, and social cognition. The same trained psychologist
performed all cognitive assessments and most of them were done
domiciliary. Medication status was taken into account at the
moment of the assessment.

Subject Description
The proband of the Majorcan Family affected by SCA is a mother
of 5 children (subject SCA-3, Figure 1A). She is characterized
by alternating depressive and manic episodes accompanied by
delusional ideation of paranoid type. The onset of symptoms
was after the birth of her twin daughters. The proband has three
sons (Figure 1A): SCZ-7 presents SCZ from the age of 19 with

predominant negative symptoms. SCZ-8 onset with psychotic
symptoms when he was 16 years old; he was diagnosed with
paranoid SCZ and died by suicide in 2014. And SCA-9 started to
evidence behavioral disorders, anxiety and somatic symptoms at
the age of 14, diagnosed later as SCA. The twin daughters do not
present psychiatric symptoms (subjects 10 and 11) at the age of
33 years old. The family history of the proband included a brother
who died of cirrhosis due to alcoholism (subject 304, Figure 1A),
an uncle with autism and psychosis (subject 203, Figure 1A),
another uncle with mental illness, and epilepsy (subject 206,
Figure 1A), and a cousin with anxiety (subject 6, Figure 1A).
Subject 6 has a daughter affected by BD I (subject BD-12,
Figure 1A). Her father (subject 5, Figure 1A) is diagnosed with
major depressive disorder (MDD). The analysis presented in this
article is focused on the nuclear family comprised of SCA-3, her
husband, subject 2, and their children, SCZ-7, SCZ-8, SCA-9, and
the twins, 10 and 11 (Figure 1A). Additionally, some extended
family members of this nuclear family could be analyzed and
were checked for the variants identified (Subjects 1, 4, 5, 6, 13,
14, BD-12, and 15; Figure 1). All studied family members signed
the informed consent and the project was approved by the ethics
committee of the Balearic Islands (CEI-IB).

Blood Collection and DNA Extraction
Peripheral blood samples were obtained in EDTA tubes for
the 7 members of the nuclear family and 8 additional subjects
of the extended family. DNA extraction was performed using
the DNA Blood Extraction Kit (5Prime R©) according to the
manufacturer’s protocol.

Genotyping by SNP Array
Genotyping was carried in the Genome Analysis Centre (GAC,
Helmholtz Zentrum München) using the Infinium Global
Screening Array-24 v1.0 (GSA) from Illumina (Illumina Inc.,
San Diego, CA, United States), which includes 642,824 SNPs.
Besides, a pool of 57,254 SNPs previously related to neurological
disorders was also genotyped. The genotype calling and CNV
analysis were performed using the Genome Studio 2.0 (Illumina
Inc. San Diego, CA, United States). Family samples genotyped by
SNP array included all the samples of the nuclear family (subjects
2, SCA-3, SCZ-7, SCZ-8, SCA-9, 10, and 11), and extended family
members (subjects 1, 4, 5, 6, 13, 14, BD-12 and 15). In total, 15
samples were genotyped by SNP array (Figure 1). For the CNV
analysis, the cnvPartition algorithm, implemented in Genome
Studio 2.0, was used (Illumina Inc. San Diego, CA, United States),
taking as a reference GRCh37/hg19. This algorithm is based on
two parameters: the B allele frequency (BAF) and the LogRRatio
(LRR); both can be used to test the genotyping quality of
the samples and to check the presence of CNVs across the
genome. The BAF is a measure of allelic imbalance. In a
normal well-genotyped sample, three genotypes are expected:
homozygous AA, heterozygous AB, and homozygous BB. Once
referred to the B allele, BAF is expected to have three discrete
values: 0, 0.5, and 1 (representing AA, AB, and BB genotypes,
respectively). R is defined as the sum of the probe intensities
used to genotype the different markers. When R is normalized,
it becomes the LRR which is a measure of relative intensity,
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FIGURE 1 | Extended Pedigree of the Majorcan Family with the cognitive evaluation and the segregation of genomic variants associated with psychosis.
(A) Pedigree. In black, subjects diagnosed with psychosis; in orange, subjects with a history of mental disorders without psychosis; in gray, unknown individuals.
(B) Cognitive assessment. TMT, Trail Making Test (Part A); BACS, Brief Assessment of Cognition in Schizophrenia (Symbol coding); HVLT-R, Hopkins Verbal Learning
Test-Revised; WMS-III, Wechsler Memory Scale-Third Edition (Spatial Span); LNS, Letter-Number Span Test; NAB Mazes, Neuropsychological Assessment Battery
Mazes; BVMT-R, Brief Visuospatial Memory Test-Revised; Fluency: Category Fluency Test, Animal naming; MSCEIT, Mayer-Salovey-Caruso Emotional Intelligence
Test; CPT-IP, Continuous Performance Test-Identical Pairs; Overall Composite Score, Cognitive index obtained summing all the tests scores and standardizing the
result to a T score. In green, values of healthy controls; in orange, values of unaffected relatives with scores below the 25th percentile within their category; in red,
values of patients with psychosis. (C) Segregation of the c.39,914,279 C > G mutation in the MACF1 gene and the duplications DUP3p26.3 and DUP16q23.3.

the logarithm (base 2) of the observed value of R (observed
probe intensity) divided by the expected value (expected probe
intensity) (Peiffer et al., 2006). Before running CNV analysis,
array samples were quality controlled considering the missing
call rate per subject, the number of null SNPs of a sample
over the total number of genotyped SNPs. The missing call
rate for all genotyped samples was below 1% (call rate over
99%) except for sample SCZ-9 which had a 10.92% missing
call rate (call rate 89%). When the SCZ-9 array sample was
visualized in Genome Studio 2.0, it could be observed that both
the BAF and the LRR were altered for this sample. These results
were consistent with a pattern of contamination, reason why
this sample was excluded from the analysis. CNVs < 80,000bp
were filtered. CNVs were visually inspected using Genome
Studio 2.0, and CNVs carried by more than one subject of the
nuclear family were validated by Digital Droplet PCR (ddPCR)
(Supplementary Table 2).

CNV Analysis by ddPCR
To confirm the CNVs identified by SNP array, Droplet
Digital PCR (ddPCR) was performed. Before ddPCR, the
genomic DNA of each family member was digested for 1 h

at 37◦C with the restriction enzyme Hind III. ddPCR was
performed using the following set of primers: for DUP16q23.3
5′-TTGGTGTTTGACCCTGTGAA-3′ (Forward) and 5′-TGA
GCTAGGGCTCCCACTTA-3′ (Reverse); for DUP3p26.3 5′-
TCAGTGAAGTGCCTGGTTTG-3′ (Forward) and 5′-GGCT
GTTCCATGAGGAATGT-3′) (Reverse). And the following
5′-FAM probes with a 3′-BHQ1 quencher: for DUP16q23.3 5′-
FAM-TTTGGATTGCTTTGCCTACC-BHQ1-3′, and DUP3p
26.3 5′-FAM-CTAGGCTGGGCTCACTTGTC-BHQ1-3′. RPP30
was used as a reference control: 5′GATTTGGACCTG
CGAGCG-3′ (Forward), 5′-GCGGCTGTCTCCACAAGT-3′
(Reverse), and the probe VIC-CTGACCTGAAGGCTCT-BHQ1
(Supplementary Table 3). The PCR was performed in a C1000
touch thermocycler (Bio-Rad, Hercules, CA, United States)
with the following protocol: Initial denaturalization at 95◦C for
10 min, followed by 39 cycles at 94◦C for 30 s and an extension
at 57◦C for 1 min, with a final denaturing at 98◦C for 10 min.
Droplet analysis was performed using the Q200 Droplet Reader
(Bio-Rad). CNVs were calculated using the QuantaSoft software
(Bio-Rad)1.

1http://www.bio-rad.com/en-us/product/qx200-droplet-digital-pcr-system
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Whole Exome Sequencing (WES)
WES included three affected members (SCA-3, SCZ7, and
SCZ-8) and one of the unaffected twin sisters (subject 10).
Additionally, subject BD-12 from the extended family was also
whole-exome sequenced. The SureSelectXT Human All Exon
V6 capture library from Agilent Technologies (Santa Clara, CA,
United States) was used for target enrichment. Exome sequencing
was performed on an Illumina HiSeq4000 sequencer (Illumina
Inc. San Diego, CA, United States), using 100 base paired-end
sequencing, by BGI Tech Solutions. The workflow to obtain
variant call format (VCF) files from raw data (FASTQ) provided
by Macrogen was based on GATK Best Practices (Depristo
et al., 2011). FASTQ files, containing raw unmapped reads and
Phred scores, were quality controlled using the FastQC v0.11.22.
Low-quality sequences (Phred score < 20) and adaptors were
removed using Cutadapt (v1.4)3. QC sequences were aligned
against the reference human genome (GRCh37/hg19) using the
BWA-MEM algorithm implemented in the Burrows-Wheeler
Alignment tool (BWA v0.7.12)4. Aligned data in SAM (Sequence
Alignment/Map) format were then sorted and converted into
BAM files using SAMtools (v1.1)5. To generate new BAM
files, PCR duplicates were removed using Picard Tools v1.1186,
and realignment around INDELS and base recalibration was
performed (BQRS) using Genome Analysis Toolkit (GATK).
SNV and INDEL calling was carried from the cleaned BAM files
using GATK (v3.3.0)7 producing unfiltered primary VCF files;
which were then hard filtered to generate the definitive VCF
files. To verify the exome sequencing results, Sanger sequencing
was performed in the Genetic Analyzer AbiPrism 3700 (Applied
Biosystems, Foster City, CA, United States) using standard
polymerase chain reaction conditions. Results were visualized
using Sequencing Analysis 5.1.1. (Applied Biosystems).

Analysis of Rare SNV and CNV Variants
VCF files were annotated using variant annotation and effect
prediction tool (SnpEff and SnpSift; Version 4.3)8 (Cingolani
et al., 2012). It allows annotating variants using the dbNSFP
database, an integrated database of functional predictions
from multiple algorithms. Variants were annotated, based on
predictions comprised in the 2.1 version of the dbNSFP
database, for protein impact using SIFT (Kumar et al., 2009),
PolyPhen2 (Carter et al., 2013), LRT (Chun and Fay, 2009),
MutationAssessor (Reva et al., 2007), Meta SVM and LR
(Dong et al., 2015), VEST3 (Carter et al., 2013), FATHMM
(Shihab et al., 2013), and MutationTaster (Schwarz et al., 2010);
and for conservation using SiPhy_29way_logOdds (Garber
et al., 2009), PhyloP100way_vertebrate (Pollard et al., 2010),
PhastCons100way_vertebrate (Felsenstein and Churchill, 1996)
and GERP++ (Davydov et al., 2010). The resulting files were

2https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3https://cutadapt.readthedocs.io/en/stable/
4https://github.com/lh3/bwa/releases/tag/0.7.12
5https://github.com/samtools/samtools/releases/tag/1.1
6https://github.com/broadinstitute/picard/releases/tag/1.118
7https://github.com/broadinstitute/gatk/releases
8http://snpeff.sourceforge.net/

managed with R 3.6.1. Alternatively, VCF files were managed
using ENLIS Genome Research version 1.9 (Berkeley, CA,
United States). ENLIS uses its annotation pipeline. The RVI Score
(Residual Variation Intolerance Score)9 (Petrovski et al., 2013)
was also used to assess the tolerance to variation of the genes
affected by a variant in the family. RVIS is a ranked score of
genes according to the number of common functional genetic
variants they carry compared to the genome-wide expectation.
RVIS is based on 6,503 WES samples from the NHLBI Exome
Sequencing Project and it is the result of regressing the number
of common functional variants on the total number of protein-
coding variants. The loss-of-function observed/expected upper
bound fraction (LOEUF) (Karczewski et al., 2019) was also
considered as an indicator of gene tolerability to predicted loss
of function variants. It is based on the continuous metric of the
observed/expected (o/e) ratio and its confidence interval10.

Shared variation among affected individuals was filtered for
Read Depth >10 and Minor Allele Frequency (MAF) <0.01.
All genomic data for molecular variants in this study were
compatible with Genome build GRCh37. Allele frequencies
were checked in 1000G11 (Birney and Soranzo, 2015) and in
ExAC and its successor, the Genome Aggregation Database
(gnomAD) (see text footnote 10) (Lek et al., 2016). Before
validation, SNV variants were checked directly from BAM files
using Integrative Genomics Viewer (IGV)12 (Thorvaldsdottir
et al., 2013). The identified SNV variants and the genes
affected by them were checked on VarElect13 (Stelzer et al.,
2016), DisGeNET14 (Piñero et al., 2020), and Schizophrenia
Exome Sequencing Genebook (Purcell et al., 2014) to identify
potential previous reports of these variants or genes in psychosis.
Regarding CNVs, we checked different databases to find previous
reports of the CNVs identified in the family and to study their
pathogenicity and conservation: DGV (Database of genomic
variants)15 (MacDonald et al., 2014) and DECIPHER (DatabasE
of genomiC varIation and Phenotype in Humans using Ensembl
Resources)16 (Firth et al., 2009). VarSome17 (Kopanos et al., 2019)
and UniProt18 (Bateman, 2019) were used to predict the levels of
variant penetrance.

RESULTS

The Majorcan Family Is Characterized by
Poor Cognitive Profiles
Psychotic subjects obtained lower overall composite scores
compared to healthy family controls (Supplementary Table 4).

9http://genic-intolerance.org/
10https://gnomad.broadinstitute.org/
11www.1000genomes.org
12http://software.broadinstitute.org/software/igv/
13http://varelect.genecards.org/
14https://www.disgenet.org
15http://dgv.tcag.ca/dgv/app/home
16https://decipher.sanger.ac.uk/
17http://varsome.com
18https://www.uniprot.org
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Once scores were compared with normal population values
obtained from Mucci et al. (2017) (Figure 1B), all family
members performed below average. Processing Speed was
especially low in subjects SCZ-7 and SCA-9, obtaining both
of them the lowest possible scores in TMT and BACS
tests (percentiles <0.1 considering their reference group
matched for age and sex; Supplementary Table 4). Yet,
these subjects performed better in fluency evaluation. Their
sisters (subjects 10 and 11) and subject BD-12 also had low
scores in processing speed (percentiles <5 considering their
reference group matched for age and sex; Supplementary
Table 4). Subjects 13 and 14 had scores in the range of
healthy individuals. Working memory was especially low
in the affected subject BD-12. LNS was not tested on
affected subjects SCZ-7 and SCA-9 because they could not
remember the alphabet.

Identification of Two Inherited CNVs
Associated With Psychosis
Two rare duplications (DUP3p26.3 and DUP16q23.3)
were identified in the nuclear family (Figures 2A,B and
Supplementary Table 2). These CNVs were validated by
ddPCR in all studied family members (Figures 2A,B, lower
panels). DUP3p26.3 is located on chromosome 3 (from
1,159,787 to 1,781,739 bp) and contains the contactin 6
(CNTN6) gene. Within these coordinates, 48 CNVs of similar
size (under 1 Mb), containing the CNTN6 gene, have been
reported (DECIPHER) (Firth et al., 2009). The gain of dose
of this gene has been associated with intellectual disability
(ID), delayed speech and language development, cognitive
impairment, micro and macrocephaly, and autism (DECIPHER).
The mother (SCA-3) carries DUP3p26.3 and transmitted
it to her affected sons SCZ-7 and SCA-9 (Figure 2A). The
healthy twin daughters also carry this duplication (subjects

10 and 11, Figure 2A). None of the extended relatives of the
family carries it.

DUP16q23.3 is located on chromosome 16 (from 82,180,075
to 83,664,582 bp) and contains the cadherin-13 (CDH13)
gene. 28 CNVs of similar size (under 2 Mb) have been
reported within these coordinates, 18 of which are duplications
affecting the CDH13 gene and are associated with ID, delayed
speech, language development, and global developmental delay
(DECIPHER). The mother (SCA-3) carries this duplication
and she transmitted it to her affected sons SCZ-8 and SCA-9
(Figure 2B). Interestingly, the healthy twin daughters also carry
this duplication (subjects 10 and 11, Figure 2B). Among the
extended relatives of the family, DUP16q23.3 is also carried by
an unaffected sister of the mother (subject 4), who transmitted
it to one of her two unaffected sons, subject 13 (Figure 2B and
Supplementary Table 2).

Contributions of Rare SNVs Identified
by WES
To identify rare variants of potentially higher penetrance, WES
analysis was restricted to MAF < 1% according to ExAC, 1000G,
and gnomAD. The psychotic patients shared 19 rare missense
SNVs in conserved regions according to different conservation
algorithms that were absent from the healthy twins (Tables 1, 2).
Nonsense variants were not identified (Tables 1, 2). Regarding
the 19 shared missense variants, all except two (rs146468598
and rs112913396) affect genes that are expressed in the cerebral
cortex (GTEx database; Table 1). Out of these 17 variants,
9 are predicted “VUS” and 8 “benign” or “likely benign” by
VarSome (Table 1). Among the 9 variants predicted “VUS,” 3
variants stood out because they were predicted “deleterious” by
almost all protein prediction algorithms; p. P-56-L in MTMR11,
p. P-241-S in TINF2, and p. Y-161-C in ZRANB3 (Table 3).
Nevertheless, to our knowledge, the genes affected by these
variants have no described functions in the central nervous

FIGURE 2 | CNVs Identified in the Family Pedigree Associated with Psychosis. Upper panels, CNVs detected using the cnvPartition algorithm, based on the B allele
frequency and the log R ratio (LRR: logarithm of the observed/expected probe intensity). Duplications identified (red rectangles), 3p26.3 (A) and DUP16q23.3 (B) are
defined by allele frequencies of 0.33 and 0.66. The genetic map of the genomic regions containing the duplications are shown below with the affected genes
highlighted in red. Lower panels, CNVs validated by ddPCR. Values close to 3 are indicative of a duplication (A,B).
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TABLE 1 | Rare non-synonymous variants identified in conserved regions by WES shared only among affected subjects.

Chr bp Ref Alt rs Gene Protein
Impact

aa Change GTEX VarSome DisGeNET ExAC gnomAD 1000G

1 39914279 C G rs376728302 MACF1 MISSENSE T-4642-S Yes VUS Yes 0.000058 0.000092 NA

1 149907574 G A rs202234090 MTMR11 MISSENSE P-56-L Yes VUS 0.000115 0.000159 NA

2 136107663 T C rs183525970 ZRANB3 MISSENSE Y-161-C Yes (low) VUS 0.001391 0.001672 0.001374

2 219528732 C T rs138321594 RNF25 MISSENSE R-443-Q Yes VUS 0.000069 0.000089 NA

3 102187900 A G rs145497598 ZPLD1 MISSENSE K-301-R Yes (Very low) VUS 0.000025 0.000021 NA

5 54721089 G A rs201703457 PPAP2A MISSENSE T-268-I Yes VUS 0.000016 0.000011 NA

5 175812257 G A rs35916027 NOP16 MISSENSE R-120-C Yes VUS 0.004062 0.004068 0.005037

14 24709965 G A rs17102311 TINF2 MISSENSE P-241-S Yes VUS 0.002158 0.002167 0.004121

22 38061637 A T rs142028345 PDXP MISSENSE Y-217-F Yes VUS 0.007042 0.000004 0.005952

1 23743859 T C rs192746462 TCEA3 MISSENSE E-88-G Yes (low) Likely Benign 0.004760 0.004642 0.002289

2 109382936 T A rs61748150 RANBP2 MISSENSE S-1981-T Yes Benign 0.008895 0.008229 0.006410

2 121748118 G A rs138987487 GLI2 MISSENSE R-1543-H Yes (low) Benign Yes 0.000502 0.000534 0.000916

2 230723775 G A NA TRIP12 MISSENSE S-205-L Yes Benign 0.000025 0.000028 NA

4 39450295 G A rs143809363 KLB MISSENSE V-1042-I Yes (low) Likely Benign 0.003534 0.003275 0.000458

9 79323853 C T rs200875180 PRUNE2 MISSENSE D-1113-N Yes Likely Benign 0.003781 0.003776 0.000916

10 81925866 T C rs72807973 ANXA11 MISSENSE I-278-V Yes Benign 0.002990 0.003189 0.003205

15 94841610 G A rs149237812 MCTP2 MISSENSE R-39-Q Yes (low) Likely Benign Yes 0.001400 0.001199 0.000916

2 238289767 T C rs112913396 COL6A3 MISSENSE D-563-G VUS 0.002314 0.002079 0.000916

5 56777915 C T rs146468598 ACTBL2 MISSENSE R-207-Q VUS 0.001820 0.002011 0.003205

19 variants with a MAF < 1% were shared by the 3 psychotic patients.
Chr, chromosome; bp, base pair; Ref, reference Allele; Alt, alternate allele; GTEX, GTEX expression; DisGeNET, previous relationship to SCZ; VUS, variant of
uncertain significance.
*Low median tpm below 2, **Very low median tpm below 0.05, ***Genetic coordinates are given taking as a reference GRCh37/hg19, ****Variants were annotated based
on the 2.1 version of the dbNSFP database, *****Allele frequencies from gnomAD were obtained from the 2.1.1 gnomAD version.

TABLE 2 | Conservation algorithms.

Chr bp Ref Alt rs Gene SiPhy GERP_RS GERP_NR phyloP100 phastCons100

5 56777915 C T rs146468598 ACTBL2 15.631 4.91 4.91 7.645 0.989

10 81925866 T C rs72807973 ANXA11 9.0566 1.76 5.6 3.668 0.879

2 238289767 T C rs112913396 COL6A3 15.793 5.6 5.6 6.22 1

2 121748118 G A rs138987487 GLI2 18.456 4.98 4.98 9.657 1

4 39450295 G A rs143809363 KLB 12.583 4.83 5.68 1.477 0.998

1 39914279 C G rs376728302 MACF1 20.393 5.95 5.95 7.818 1

15 94841610 G A rs149237812 MCTP2 9.3437 3.19 5.13 1.658 0.044

1 149907574 G A rs202234090 MTMR11 12.986 4.68 4.68 3.916 1

5 175812257 G A rs35916027 NOP16 11.072 3.46 6.17 3.367 0.423

22 38061637 A T rs142028345 PDXP 10.036 4.54 5.58 4.666 1

5 54721089 G A rs201703457 PPAP2A 14.027 4.8 5.66 5.819 1

9 79323853 C T rs200875180 PRUNE2 14.954 5.94 5.94 4.165 0.984

2 109382936 T A rs61748150 RANBP2 16.063 5.75 5.75 5.214 1

2 219528732 C T rs138321594 RNF25 8.8576 3.74 5.55 1.989 0.99

1 23743859 T C rs192746462 TCEA3 11.332 5.02 5.02 1.69 1

14 24709965 G A rs17102311 TINF2 8.383 3.46 4.36 1.43 0.942

2 230723775 G A NA TRIP12 19.489 5.72 5.72 9.434 1

3 102187900 A G rs145497598 ZPLD1 15.196 5.28 5.28 5.352 1

2 136107663 T C rs183525970 ZRANB3 15.459 5.42 5.42 6.253 1

Chr, chromosome; bp, base pair; Ref, reference Allele; Alt, alternate allele; SiPhy, SiPhy_29way_logOdds; phyloP100, phyloP100way_vertebrate; phastCons,
phastCons100way_vertebrate.
*Genetic coordinates are given taking as a reference GRCh37/hg19, **Conservation scores produced by the different algorithms were obtained from the 2.1 version of
the dbNSFP database.
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TABLE 3 | Protein prediction algorithms.

Chr bp Ref Alt rs Gene SIFT Polyphen2 MutAssessor SVM LR VEST3 FATHMM LRT MutTaster

5 56777915 C T rs146468598 ACTBL2 NA 0.461 (P) 3.37 (M) 0.7735 (D) 0.8058 (D) 0.785 −3.44 (D) 0.00001 (D) 0.999 (D)

10 81925866 T C rs72807973 ANXA11 0.174 (T) 0.005 (B) −0.98 (N) −0.915 (T) 0.0034 (T) 0.171 4.06 (T) 0.011694 (N) 1 (N)

2 238289767 T C rs112913396 COL6A3 0.005 (D) 1.0 (D) 2.82 (M) −0.202 (T) 0.3558 (T) 0.932 0.75 (T) 0.000042 (D) 1 (D)

2 121748118 G A rs138987487 GLI2 0.054 (T) 1.0 (D) 1.89 (L) −0.8456 (T) 0.1776 (T) 0.415 1.59 (T) 0.000001 (D) 1 (D)

4 39450295 G A rs143809363 KLB 0.035 (D) 0.18 (B) 0.695 (N) −1.0599 (T) 0.0642 (T) 0.125 1.67 (T) 0.442178 (N) 0.994 (N)

1 39914279 C G rs376728302 MACF1 1 (T) 0.589 (P) 0.345 (N) −1.0558 (T) 0.0883 (T) 0.546 0.78 (T) 0.000008 (D) 1 (D)

15 94841610 G A rs149237812 MCTP2 0.166 (T) 0.024 (B) 0.46 (N) −0.8817 (T) 0.1776 (T) 0.161 −0.66 (T) 0.22127 (N) 0.999 (N)

1 149907574 G A rs202234090 MTMR11 0.02 (D) 0.932 (P) 2.045 (M) 0.2042 (D) 0.6049 (D) 0.568 −1.67 (D) NA 1 (D)

5 175812257 G A rs35916027 NOP16 0 (D) 0.297 (B) 1.04 (L) −1.0548 (T) 0.054 (T) 0.355 NA 0.000101 (N) 0.999 (N)

22 38061637 A T rs142028345 PDXP 1 (T) 0.087 (B) −0.715 (N) −1.0489 (T) 0.0258 (T) 0.25 1.59 (T) NA 1 (D)

5 54721089 G A rs201703457 PPAP2A 0.077 (T) 0.263 (B) 1.905 (M) −1.0907 (T) 0.2078 (T) 0.406 1.5 (T) 0.018731 (N) 1 (D)

9 79323853 C T rs200875180 PRUNE2 0.0 (D) 1.0 (D) 0.975 (L) −0.8847 (T) 0.2006 (T) 0.202 0.31 (T) 0.000385 (D) 1 (D)

2 109382936 T A rs61748150 RANBP2 0.33 (T) 0.39 (B) 2.045 (M) −1.0432 (T) 0.0603 (T) 0.16 1.56 (T) NA 0.964 (N)

2 219528732 C T rs138321594 RNF25 0.005 (D) 0.223 (B) 0.895 (L) −0.8015 (T) 0.1606 (T) 0.135 −0.21 (T) 0.020699 (N) 0.725 (N)

1 23743859 T C rs192746462 TCEA3 0.25 (T) 0 (B) 0.695 (N) −1.0688 (T) 0.0598 (T) 0.379 NA 0.806532 (N) 0.992 (N)

14 24709965 G A rs17102311 TINF2 0.013 (D) 1.0 (D) 2.045 (M) 0.1966 (D) 0.7489 (D) 0.172 −3.19 (D) 0.000159 (N) 1 (D)

2 230723775 G A NA TRIP12 0.017 (D) 0.994 (D) 0.695 (N) −0.833 (T) 0.1914 (T) 0.684 0.8 (T) 0 (D) 1 (D)

3 102187900 A G rs145497598 ZPLD1 0.358 (T) 0.004 (B) 0.345 (N) −0.6888 (T) 0.2761 (T) 0.5 −1.34 (T) 0 (D) 1 (D)

2 136107663 T C rs183525970 ZRANB3 0.001 (D) 1.0 (D) 3.255 (M) 1.0465 (D) 0.9121 (D) 0.857 −3.21 (D) 0 (D) 1 (D)

system and have not been associated with SCZ or any other
mental disorder. Only three variants among the 17 expressed
in the cerebral cortex affect genes previously associated with
SCZ according to DisGeNET (Piñero et al., 2020): p. R-1543-
H in GLI2, p. T-4642-S in MACF1, and p. R-39-Q in MCTP2
(Table 1). Out of these three, only the MACF1 variant is
predicted “VUS” (Table 1). Moreover, the expression of MCTP2
[median Transcripts Per Million (TPM) below 1] and GLI2
(median TPM below 1.5) is low in the cerebral cortex (GTEx
database). The variant located in the MACF1 gene is located
in the most conserved region among the 19 variants identified
(Table 2). The variant in GLI2 is also located in a very conserved
region while the variant located in MCTP2 is located in a less
conserved region (Table 2). Moreover, among the 19 genes
affected by the variants shared by psychotic individuals, MACF1
is the most intolerant to variation (RVIS = −3.92 (0.21%);
LOEUF = 0.084; Supplementary Table 5). Protein prediction
algorithms show mixed results for the variants in MACF1 and
GLI2 while the variant in MCTP2 is predicted to be benign by
all protein prediction algorithms used (Table 3). Given these
results, we decided to analyze the segregation of the variants
in MACF1 and GLI2. The mother (SCA-3) transmitted the
g.39914279 C > G (p. T4642S) mutation in MACF1 to her
three affected sons (SCZ-7, SCZ-8, and SCA-9), but not to
her healthy twin daughters (subjects 10 and 11) (Figure 1C).
Besides, this variant was not detected in any of the extended
family members that were analyzed. The variant g.121748118
G > A (p. R1543H) in the GLI2 gene was transmitted by
the mother to her affected sons SCZ-7 and SCZ-8. The other
affected individual, SCA-9, did not carry this variant which
was neither detected in any of the extended family members
analyzed. The presence of the duplications DUP3p26.3 and
DUP16q23.3 per se is not sufficient to precipitate with psychosis,

since non-affected subjects carry both duplications (i.e., the twin
sisters, subjects 10 and 11). The psychotic phenotype may have
precipitated once patients inherited one of these two duplications
together with the rare variant c.39,914,279 C > G in the
MACF1 gene.

DISCUSSION

Despite their high heritability, the genetic architecture of
psychotic disorders such as SCZ and BD has proven to be
complex. Family-based studies, focused mainly on identifying
rare inherited or rare de novo variants, have allowed identifying
rare variants with very high penetrance, including CNVs
(Malhotra and Sebat, 2012) and SNVs (Xu et al., 2011).
Considering that psychosis is a complex phenotype and that
the rare variants contribution is modulated by the genetic
background (Nadeau, 2001; Koike et al., 2006; Kearney, 2011;
Mitchell, 2011; Kerr et al., 2013) of the individuals carrying
them, the more homogeneous the family and the closest the
relationships included in the analysis the better.

DUP3p26.3 and DUP16q23.3 Associated
With Neurodevelopmental Disorders
The two CNVs identified in this pedigree are highly suggestive
to play a significant role in the pathogenesis of psychosis. The
duplication DUP3p26.3 has been extensively associated with
neuropsychiatric disorders, including SCZ, autism spectrum
disorder (ASD), BD, attention-deficit hyperactivity disorder
(ADHD), ID, and Tourette syndrome (Kashevarova et al., 2014;
Te Weehi et al., 2014; Hu et al., 2015; Huang et al., 2017;
Mercati et al., 2017; Juan-Perez et al., 2018). This duplication
alters the expression of the CNTN6 gene, which encodes
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the protein contactin-6, also termed NB-3, a member of the
contactin family of immunoglobulin domain-containing cell
adhesion molecules (IgCAMs). IgCAMs are important signal
molecules that mediate cell-cell adhesion and cell-extracellular
matrix (ECM) interactions in multiple neural developmental
processes, including neuronal migration, neurite outgrowth,
axon guidance, and synaptogenesis (Sethi and Zaia, 2017).
In mice, Cntn6 is exclusively expressed in the CNS, where
it is needed for proper orientation of dendrite growth in
cortical pyramidal neurons (Ye et al., 2008) and synapse
formation in the cerebellum (Sakurai et al., 2009). The
presence of the duplication in the family may result in a
decrease of the CNTN6 expression. Supporting this, a recent
study comparing the CNTN6 expression in neurons generated
from inducible pluripotent stem cells (iPSCs) derived from
fibroblasts of an ID patient carrying a CNTN6 duplication
and two healthy controls found that neurons carrying the
duplication had significantly lower expression of CNTN6
compared to wild-type neurons (Gridina et al., 2018). Although
the crucial roles of CNTN6 during brain development, the
penetrance of this duplication in our pedigree and others
previously reported (Kashevarova et al., 2014; Hu et al.,
2015) may be low since there are healthy family carriers in
different generations.

The second duplication identified in the pedigree is the
DUP16q23.3, also very suggestive of playing a major role in
psychosis. This duplication alters the expression of CDH13,
a gene that encodes another adhesion molecule, Cadherin-
13, a calcium-dependent class of transmembrane protein that
forms adherent junctions and participates in cell-cell recognition
and signal transduction, among other functions. Cadherin-13
is highly expressed in the brain, where it may function as
a negative regulator of neurite outgrowth and axon guidance
(reviewed in Rivero et al., 2013). CDH13 involvement in
neuropsychiatric disorders is well documented, associated with
the five major psychiatric disorders: ADHD (Neale et al.,
2008), ASD (Sanders et al., 2011), MDD (Terracciano et al.,
2010), BD (Xu et al., 2014), and SCZ (Børglum et al., 2014;
Otsuka et al., 2015). Despite none of these associations have
been significant at a genome-wide level, as pointed by Prata
et al. (2019), in their review of GWAS studies from 2012
to 2019, CDH13 is a highly relevant candidate for psychosis
because the GWAS evidence involving this gene with psychosis
comes from at least two independent samples. As observed
for the DUP3p26.3, the penetrance of DUP16q23.3 in this
pedigree also seems low. Both duplications need to co-segregate
with other genetic factors to precipitate with psychosis, and
the rare variant g.39914279 C > G of MACF1 is a good
candidate. Interestingly, all the carriers of the duplications
DUP3p26.3 and DUP16q23.3 evidenced very low cognitive
performance; therefore, it seems obvious that both duplications
have also an impact not only in psychosis but also in other
dimensions related to the disease, like cognition. In fact,
other authors found that CNVs conferring risk for SCZ and
autism affected cognition not only in patients but also in
carrier controls (Stefansson et al., 2014). This supports our
hypothesis that the combination of these CNVs with the rare

variant in MACF1 is precipitating with SCZ and SCA in the
analyzed pedigree.

Facts to Consider MACF1 a Genetic Risk
Factor for Psychosis
The function of the Microtubule-actin crosslinking factor 1
(MACF1), also known as actin crosslinking factor 7 (ACF7),
is to connect the actin and microtubule cytoskeletons with the
sites of cell-matrix and cell-cell adhesions (Hu et al., 2016),
being an important modulator of cytoskeletal networks (Hu
et al., 2016; Moffat et al., 2017). Defects in these cross-talks may
have a profound impact on cell proliferation and differentiation,
neuronal migration, neurite development, and axon guidance
(Sanchez-Soriano et al., 2009; Goryunov et al., 2010; Ka et al.,
2014, 2017; Ka and Kim, 2016; Dobyns et al., 2018). Such defects
are hypothesized as a pathogenic mechanism for psychosis and
several genes involved in them have been associated with SCZ
or BD (Lewis et al., 2005; Rossignol, 2011; Muraki and Tanigaki,
2015; Ka et al., 2017). The role of MACF1 in cytoskeletal networks
makes it an interesting candidate for psychosis (Ka et al., 2017).
Besides, MACF1 also interacts with GSK3β, participating in
the Wnt/β-catenin and GSK-3 signaling pathway, during the
migration of pyramidal neurons or neurite differentiation (Chen
et al., 2006; Ka et al., 2014; Ka and Kim, 2016). Moreover, MACF1
also interacts with DISC1 and DTNBP1 (Camargo et al., 2007;
Costas et al., 2013). Interestingly, rare de novo variants have been
previously described in BD patients (Kataoka et al., 2016; Han
et al., 2019) and SCZ patients (Xu et al., 2012; Kenny et al., 2014;
Wang et al., 2015) affecting this gene, which is highly intolerant to
protein-altering variants. Intriguingly, both the variant identified
in the family, g.39914279 C > G (p. T4642S), and other variants
previously reported in SCZ patients, g.39827053 C > T (p.
R2097W), and g. 39904999 C > T (p. R4033W), are located
in the spectrin repeats domain of MACF1 which interacts with
GSK3β and other proteins that regulate neuronal migration
(Chen et al., 2006).

The rare variant identified in GLI2 may also contribute
to the psychosis phenotype. The transcription factor Gli
Family Zinc Finger 2 (GLI2) is a downstream modulator of
the Sonic Hedgehog (Shh) signaling pathway. Disruption
of the Shh signaling has been associated with several
neurodevelopmental disorders (Chen et al., 2018), including SCZ
(Betcheva et al., 2013). Using GWAS, the GLI2 gene has been
associated with the manifestation of tardive dyskinesia in SCZ
(Greenbaum et al., 2010).

Here we have demonstrated that by combining wide-genomic
approaches it is currently feasible to disclose the genomic
architecture associated with psychosis in highly penetrant and
homogeneous pedigrees. Our results also show that the genomics
of psychosis is highly heterogeneous, which makes sense given
the involvement of rare variants in its etiology. In this sense,
psychosis in the family can be explained by the presence of the
variant g.39914279 C > G in MACF1 in combination with the two
rare duplications, but this variant does not explain the psychosis
phenotype of their distant relative BD-12. The presence of two
highly suggestive duplications, and the cognitive performance
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of the individuals carrying them, also suggests that the variant
in MACF1 is modulated by the genetic background of the
family. Besides, our results confirm previous results suggesting
the involvement of MACF1, CNTN6, and CDH13 in the etiology
of psychosis. More research is needed to further elucidate the role
of MACF1 in psychosis as well as its interaction with CNTN6
and CDH13.

DATA AVAILABILITY STATEMENT

The raw data will be available under the accession numbers:
EGAS0001004791 and EGAD00010002030 Array_data.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Balearic Islands (CEI-
IB). The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

JP-F performed most of the analyses, including WES and CNV
analysis, and wrote the manuscript. FC recruited the patients and
performed their clinical characterization. LR-G, AM-D, and BB-C
performed INDELS validations and digital droplet PCR. VA and
DM performed SNV prioritization analyses. BO-V performed
the DNA extraction and the DNA quality control. CV and CS
performed Sanger sequencing validations. JL, GO, DH-S, KS,
and AF contributed to NGS data analyses and experimental
design. CV-B conceived and designed the analysis, supervised the
study, contributed to analyze the NGS data and gene ontology,
and wrote the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Carlos III Institute of Health
(ISCIII), Ministry of Economy and Competitiveness (Spain)
(grants PI15/00809 and PI18/00608), co-funded with European
Union ERDF (European Regional Development Fund). JP-F

FPU fellowship (FPU/2014-03876) was funded by the FPU
fellowship granted by the Ministry of Education, Culture, and
Sport (Spain). LR-G, AM-D, and BB-C were funded by the
FPI fellowship granted by the General Direction of Innovation
and Research, Ministry of Innovation, Research, and Tourism,
Balearic Government, co-funded by European Union ERDF. DM
was funded by ISCIII (CP17/00188).

ACKNOWLEDGMENTS

The authors thank all the members of the family for their
participation. This article is dedicated to subject SCZ-8 who
bravely fought the disease and lost his battle.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.622886/full#supplementary-material

Supplementary Table 1 | Clinical characterization. PANSS, Positive and
Negative Syndrome Scale.

Supplementary Table 2 | CNVs identified. Chr, Chromosome; bp, base pair;
Start (bp), Starting position of the CNV; End (bp), Ending position of the CNV; Size
(bp), Size of the CNV in bp; ∗Genetic coordinates are given taking as a
reference GRCh37/hg19.

Supplementary Table 3 | Validation by Digital PCR (ddPCR). CNV name, Copy
Number Name; Chr, Chromosome; bp, base pair; ∗Genetic coordinates are given
taking as a reference GRCh37/hg19; ∗∗Amplicon, Size of the amplicon in bp and
its coordinates.

Supplementary Table 4 | Cognitive assessment. TMT, Trail Making Test (Part A);
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Background: The purpose of this study was to identify gene expression differences

associated with post-traumatic stress disorder (PTSD) and trauma exposure (TE) in

a three-group study design comprised of those with and without trauma exposure

and PTSD.

Methods: We conducted gene expression and gene network analyses in a sample

(n = 45) composed of female subjects of European Ancestry (EA) with PTSD, TE without

PTSD, and controls.

Results: We identified 283 genes differentially expressed between PTSD-TE groups. In

an independent sample of Veterans (n = 78) a small minority of these genes were also

differentially expressed. We identified 7 gene network modules significantly associated

with PTSD and TE (Bonferroni corrected p ≤ 0.05), which at a false discovery rate (FDR)

of q ≤ 0.2, were significantly enriched for biological pathways involved in focal adhesion,

neuroactive ligand receptor interaction, and immune related processes among others.

Conclusions: This study uses gene network analyses to identify significant gene

modules associated with PTSD, TE, and controls. On an individual gene level, we

identified a large number of differentially expressed genes between PTSD-TE groups, a

minority of which were also differentially expressed in the independent sample. We also

demonstrate a lack of network module preservation between PTSD and TE, suggesting

that the molecular signature of PTSD and trauma are likely independent of each other.

Our results provide a basis for the identification of likely disease pathways and biomarkers

involved in the etiology of PTSD.

Keywords: gene expression, gene network analyses, trauma exposure, post-traumatic stress disorder, civilian

trauma, veterans
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INTRODUCTION

Between 50 and 70% of individuals experience at least one trauma
in their lifetimes (1). Of those individuals, 8–32% develop post-
traumatic stress disorder [PTSD; (2, 3)]. PTSD is a serious
disorder associated with medical ailments, suicide, and early
mortality, but major gaps remain in our understanding of its
etiology (4–6). PTSD is heritable, with estimates ranging between
24 and 72% (7–9). Large-scale genome wide association studies
(GWAS) are revealing key influences on PTSD.

Recent GWAS of PTSD, PTSD total symptoms, and/or
its symptom clusters (e.g., re-experiencing symptoms) (10–12)
have revealed a few hits that differentiate PTSD cases and
controls, and more when examining PTSD symptoms as a
quantitative trait and/or when examining continuous symptoms
within clusters. One of the most consistent findings is that
genes implicated in cell cycle control and other mental
health conditions such as schizophrenia and bipolar (MAL1L1)
are associated with PTSD phenotypes. The effects found in
both samples involve genes implicated in intracellular protein
transport associated with risk-taking (TSNARE1) as well as
nucleic acid binding which is important for cognitive abilities
(EXD3). Additionally, genes important for steroid signaling,
hormone metabolism, and stress response (CRHR1, HSD17B11),
central nervous system development (TCF4), and transcriptional
activity and enhancer functions (i.e., ZDHHC14, PARK2, chr13:
55,652,129–55,759,209; 11) were also found to be important.A
review of PTSD GWAS summarizes key findings, with several
significant SNPs differentiating cases and controls, coming from
genes in systems important for regulating circadian rhythm,
synaptic processes, immune function, and neuroplasticity [e.g.,
LINC01090, BC036345, ZNRD1-AS1, RORA, NLGN1, TLL1;
(13)]. Despite these advances, questions remain about how
genetic factors relate to PTSD and whether observed patterns
are specific to PTSD or are related to trauma exposure broadly.
Because PTSD is more prevalent in women than men and genetic
influences on PTSD are stronger among women thanmen (7, 14),
studies are needed to characterize the genetic correlates of PTSD
and trauma exposure (TE) in women.

Gene Expression Studies
Studying gene expression is essential for our understanding of the
PTSD pathophysiology (15, 16).While trauma exposure precedes
all cases of PTSD, not all people with TE will develop PTSD.
Therefore, expression studies are needed that include participants
with or without TE and with or without PTSD to disentangle
whether observed genetic differences are influenced by TE or
PTSD. Previous post-mortem expression studies have reported
expression differences between subjects with PTSD and controls
in the dorsolateral pre-frontal cortex, which regulates fear-based
responses (17). Research examining the post-mortem brains of
people who died of suicide with and without child abuse suggests
differences in the expression of genes important for myelination
(18). A study of transcriptome-wide analyses of gene expression
changes in post-mortem brains of individuals with PTSD
identified genes involved in synapse, neuron and axon terms, as
well as glia formation, actin binding, and small GTPase signaling

(19). This same study found that the global transcriptomic
signatures for PTSD closely resemble schizophrenia, autism,
and bipolar disorder, consistent with GWAS of PTSD (14, 20).
Thus, there is at least some convergence in the pathology of
PTSD using blood and brain tissues. Indeed, as the collection of
post-mortem brain tissue involves ethical, logistic, and technical
confounds (21, 22), blood is increasingly viewed as a viable and
valid proxy tissue for gene expression data. Furthermore, several
studies have pointed to a reasonable correlation of the total
gene expression between different tissue, notably brain and blood
(23–25). Finally, studying blood related gene expression is also
advantageous as some processes underlying PTSD are reflected in
peripheral blood gene expression [e.g., glucocorticoid sensitivity,
(26)]. For all of these reasons, gene expression data extracted
from whole blood is becoming increasingly commonplace.

Comparing gene expression profiles between subjects
with PTSD and TE have suggested genes involved in the
hypothalamic-pituitary-adrenal Axis (HPA) [e.g., FKBP5; (27–
30)] and signal transduction processes [e.g., STAT5B; (16, 28)].
Most studies included individuals in the TE control group if
individuals did not meet criteria for current PTSD, which is
problematic, since differences may be obscured between those
who previously were diagnosed with PTSD vs. those never
diagnosed. A study of subjects with PTSD to those without
TE found evidence for gene expression differences that are
important for activating the adaptive cellular immune response
(e.g., IL-12 and IL-18) (31), but lack of a non-PTSD TE group
limits conclusions about molecular genetic risk.

Gene Network Analysis
A limitation of studies utilizing single gene expression analyses is
the focus on ranking a list of individual differentially expressed
genes with the highest statistical significance. This selection
approach is somewhat arbitrary, does not consider the potential
interaction between genes in the dataset, and does not provide
a broader, system-level view of expression. Thus, a network
approach can be used to better understand the functional changes
between the disease and normal transcriptomes. One study (32)
using this approach identified over-expression of genes enriched
for innate-immune response and interferon signaling (PTSD-
TE), while another (33) found differences for genes enriched for
signal transduction (PTSD-control).

Current Study
The few previously reported gene expression and gene network
analyses are limited by the lack of use of a three-group
design that differentiates between TE and PTSD. Thus, the
first aim of this study was to extend prior expression studies
of PTSD, using both TE and non-TE exposed controls. In so
doing, we are able to understand what expression signatures
are associated with trauma exposure (as seen in differences
between TE and non-TE groups) and PTSD (as seen in
differences between PTSD and TE groups). The second aim was
to provide a system view of the expression signatures using
weighted gene co-expression network analysis (WGCNA). While
WGCNA identifies sets of genes showing related expression
patterns and therefore having likely shared disease functions
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(34–36), it does not provide information on the biological
functions and process the significant modules are enriched for.
Thus, all significantly correlated modules were assessed for
the enrichment of cellular processes and biological functional
categories using gene set enrichment analysis [GSEA; (37)].
These analyses allow us to better understand co-expression
networks and potential biological functions thatmay differentiate
those with and without trauma exposure, as well as-among those
with trauma exposure-those with and without PTSD. Genome-
wide expression data were generated using RNA isolated from
Peripheral Blood Mononuclear Cell (PBMC) obtained from an
ethnically homogeneous sample of female subjects, known to be
at higher genetic risk for PTSD.

METHODS AND MATERIALS

Overview of Larger, Parent Study
Participants were sampled from a larger community sample of
young adults. All subjects gave their informed consent before
being included in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the research
protocol was approved by the Institutional Review Board (IRB)
at Medical University of South Carolina. These 281 young adults
were 59.2% female; primarily Caucasian (84.7% Caucasian, 6.1%
African-American, 9.2% Other), and between the ages of 21 and
30 (M = 24.76, SD = 2.59). Participants were recruited to one
of three study groups: non-trauma exposed control (controls),
trauma exposed without PTSD (TE), or trauma exposed with
PTSD. See prior work for information for eligibility details (38).
Of those, 72 controls, 72 TE, and 53 PTSD participants (n= 197)
provided blood samples for genomic analyses.

Current Study Sub-sample Participants
For this study, 15 European Ancestry females from each group
(n = 45) were included. PTSD group participants with the most
PTSD symptoms were prioritized for inclusion. PTSD and TE
groups were matched on trauma characteristics (i.e., number of
traumas, time since traumas) and age. Control group participants
were age-matched to the PTSD and TE groups.

There were no differences between groups on age (F = 0.27,
NS). There were differences in number of experienced traumas
between control (M = 0.07) and TE/PTSD groups, but not
between TE and PTSD groups (M = 0.93,M = 1.73, respectively;
F = 11.90, p < 0.001). The PTSD group (M = 40.79) reported
more PTSD symptoms than TE group (19.29; t = 15.842, p <

0.001). The PTSD group (M = 16.53) reported more depressive
symptoms than the TE and control groups (M = 3.87,M = 1.80,
respectively; F = 954.47, p < 0.001).

Measures
Number of Traumatic Events
Using the Life Events Checklist (39), count scores for total
endorsed witnessed or experienced traumas was used as a
covariate in the differential expression analyses (see Table 1).

PTSD
Using the PTSD Checklist [PCL; (40)], individuals with scores
of 30 or higher (41) and who met the minimum symptoms per
cluster were given a diagnosis of probable PTSD (Cronbach’s
Alpha: 0.91). TheMini-International Neuropsychiatric Interview
(MINI) PTSD scale was used to confirm PTSD diagnosis (42).

Depression Symptoms
a sum of 20 items assessing depressive symptoms using the Beck
Depression Inventory [BDI; (43)] was entered as a covariate
and additional phenotypic measure in the gene expression
(Cronbach’s Alpha: 0.92) and network analyses, respectively.

RNA Isolation
Total RNA containing the small RNA fraction was isolated
from 9ml of whole blood using the mirVana-PARIS kit
(Life Technologies, Carlsbad, CA), following manufacturer’s
protocols. RNA concentration was measured using the Quant-
iT Broad Range RNA Assay kit (Life Technologies), and the
RNA Integrity Number (RIN) was measured on the Agilent
2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara,
CA). All RNA samples had an excellent RIN scores (average
RIN ≥ 9.0, s.d.± 0.5).

mRNA Expression Microarrays
Genome-wide expression assays were ran using the Affymetrix
(Santa Clara, CA) GeneChip R© Human Genome U133A 2.0
(HG-U133A 2.0) following the Affymetrix R© protocol (44). This
array provides comprehensive coverage of the transcribed human
genome using 22,214 probesets, and captures the expression
of ≈18,400 human transcripts. Array quality was assessed by

estimating the 3
′

/5
′

ratios of GAPDH, and the percentage of

“Present” genes (%P) and array exhibiting GAPDH 3
′

/5
′

< 3.0
and %P > 40% were considered of good quality. Based on these
metrics no arrays were excluded.

Microarray Normalization
Expression values were calculated following the pre-processing
procedures: (1) Robust Multiarray Average adjusting for
probe sequence (GCRMA) background correction, (2) log2
transformation, (3) quantile normalization, and (4) median-
polish probeset summarization using Partek Genomics Suite
v6.23 (PGS; Partek Inc., St. Louis, MO) (45, 46). The batch
effect removal option in PGS was used to control for batch
effects. Microarray quality was assessed by principal component
analysis (PCA) and unsupervised hierarchical clustering to
identify potential outliers. One sample was identified as outlier
and removed from future analyses (Supplementary Figure 1).

Microarray reliability was assessed, by validating the
expression levels of four genes, (DUS2, FRMD4B, CXCR6,
and SRRT) via quantitative real-time PCR using a Taqman
approach. We observed a high correlation between the two
platforms, i.e., the Pearson correlation ranged from r = 0.664
(DUS2) to r = 0.846 (SRRT); see Supplementary Table 1 and
Supplementary Figure 2.
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Adjusting for Cell Heterogeneity
We used the ImmQuant software (47), which takes as input
transcription profiles, and provides the predicted quantities
of various cell types within each sample. The deconvolution
approach builds on the implementation of the digital cell
quantification (DCQ) deconvolution algorithm (48), which
is used for immune cell-type prediction in human samples,
resulting in gene expression markers for 39 cell types being
identified and accounted for to minimize the effect of cell based
differential gene expression (Supplementary Figure 3).

Data Analytic Plan
Aim 1: Gene Expression Analyses
Detection of differentially expressed genes between groups
was performed in the Number Cruncher Statistical Software
(NCSS) v11, using a robust multiple regression model (49),
with gene expression as the dependent variable and group as
the explanatory variable. To reduce the number of potential
covariates and account for potential collinearity between them,
the 39 cell-based estimates together with RIN and Batch, were
incorporated into a principle component analysis (PCA). The
first 6 principle components (PCs) accounted for 13% of the
variance in the data and were used as covariates, along with
number of interpersonal traumatic events (50) and depressive
symptoms (51). Our intention of conducting a PCA here was to
reduce the number of covariates, increase our power, and use the
higher order orthogonal relationships between the covariates to
adjust for their effect on gene expression.

Aim 2: Network Analyses
The gene network analyses were conducted using WGCNA.
The method for constructing scale-free networks by WGCNA
has been described in previous studies (52, 53). The gene co-
expression networks were constructed by using the WGCNA
v1.36 package in R environment (v3.3.2) using a minimum
module size of 35 genes and a minimummodule merge height of
0.8. To build the networks, we used all transcripts differentially
expressed between the three groups at p ≤ 0.05 (i.e., for the
PTSD/TE, PTSD/C, and TE/C comparisons a total of 1,701, 441,
and 1,846 genes were included, respectively). This significance
threshold was chosen to allow for: (i) the inclusion of true
positive signals with a smaller effect size (which would otherwise
be excluded from the more stringent statistical criteria applied in
gene expression analyses), (ii) retain a sufficient number of genes
with biological importance in PTSD and TE for the building
of gene co-expression networks, and (iii) exclude genes with
low variance, i.e., genes with limited importance for the disease
trait (49, 54).

Following module definition, the module eigengene
(ME) representing the first principle component (PC) of all
summarized gene expression profiles within a given module was
calculated. The ME was then correlated with the three diagnostic
groups, PTSD, TE, and controls, and statistical significance
assessed at Bonferroni-adjusted p ≤ 0.05 between the groups
(i.e., corrected for a number of modules tested). To account for
biological or technical confounds, we fitted the regression model

of each gene expression value on covariates and then used the
residuals from the model as an input for the network analysis.

The rationale for conducting the network analyses within each
diagnostic group separately is based on our ability to understand
better group differences between subjects with PTSD, TE not
reaching the threshold for PTSD, and controls. Our rationale
for this approach was further indicated by our desire to test for
network preservation between the three phenotypic groups, i.e.,
identify the precise network modules that differentiate between
the PTSD, TE and controls. Thus, with the current analyses,
we have increased confidence inferring the gene expression and
gene network differences between groups are associated with
trauma exposure (TE-C), PTSD (PTSD-TE), or potentially both
(PTSD-C). Below are the results of these three comparisons.

Pathway Analyses
To identify known biological processes and pathways that our
significant modules were enriched for, the gene set enrichment
analysis [GSEA; (GSEAv2.0.14)] was used (37, 55). Individual
gene lists for each of the gene modules significantly correlated
with PTSD and TE status were generated by rank-ordering all
differentially expressed genes by theirmodulemembership (MM)
to each of the trait-associated modules. In GSEA, Affymetrix
HG-U133A 2.0 probe IDs were converted to HUGO Gene
Nomenclature Committee (HGNC) gene symbols, and in cases
of multiple transcripts representing a single gene, the probeset
with the highest MM was retained (56). A priori gene sets were
obtained from the Molecular Signatures Database v4.0 from the
Broad Institute. A total of 1320 gene sets from the Canonical
KEGG Pathways subset of the C2: Curated Pathways collection
of MSigDB were assessed. Default parameters were then applied
to restrict the a priori gene set size between 15 and 500 genes,
respectively. A total of 186 a priori gene sets were identified,
of which in the PTSD/TE comparison, 165 were filtered out
due to gene set size parameters (i.e., gene sets<15 and >500
genes) leading to 21 a priori gene sets tested in the final GSEA
analysis. In the TE/Control comparison and the PTSD/Control
comparison, 16 and 18 a priori gene sets were used (i.e. 170/186
and 168/186 being excluded).

Identification of Candidate Hub Genes
Hubs comprise the highly interconnected nodes within the gene
network and have been shown to be functionally significant
(57). In this study, hub genes were defined by (1) the strength
of their intramodular connectivity (i.e., module membership
(MM) (58, 59), which measures the strength of the Pearson
correlation product moment (r ≥ 0.7) between the individual
gene expression and module eigengene (ME) and (2) their gene
significant (GS) correlation with phenotype. The upper quartile
of transcripts with the highest MM and GS (employed for the
significant modules) was selected as candidate hub genes.

Network Preservation
We used the module preservation statistic Zsummary, outlined
previously (60), to test for module preservation between the three
comparisons (i.e., PTSD/TE, PTSD/C, and TE/C). One advantage
Zsummary statistics has over the more traditional cross-tabulation
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approaches is that, in addition to overlap in module preservation,
it also accounts for the module connectivity pattern and density.
The module preservation also requires that a reference network
is assigned which then is compared against the test network.
The modules from the control groups (in the PTSD/C and
TE/C comparisons) were used as reference modules and the
modules from TE group were used as reference modules in
the PTSD/TE comparisons. We followed previously outlined
recommendations for network preservation, i.e., Zsummary ≤ 2
implies no evidence for module preservation, 2 ≤ Zsummary ≤ 10
implies weak to moderate evidence, and Zsummary ≥ 10 implies
strong evidence for module preservation. To ensure that module
preservation statistics is not confounded by module size (larger
module tend to be more preserved than smaller ones, solely due
to their size), in addition to Zsummary statistics to assess module
preservation, we have also used the median rank statistics, that is
invariant to module size.

Power
Power for the differential gene expression analysis was computed
using the power analysis statistical software (PASS) version 19
(NCSS, LLC, Kaysville, Utah) assuming an FDR adjusted p
≤ 0.0005, corresponding to an FDR of 10% in our analyses.
Generally regarded as a rigorous cut-off (61, 62), in our power
analysis, the values of the effect size (R2|C) represents the amount
by which the squared correlation coefficient (R²) is increased
when the test (T) variables are added to the regression model
containing the covariates (C). The (R2|C) was estimated from
our gene expression analyses and had an effect sizes ranging
between 0.01÷0.06.

Testing Whether Findings Hold in an
Independent Sample
The gene overlap between the civilian and the unique Veteran
samples (n=78) was assessed via the hypergeometric test. The
test significance was based on the “representation factor (rf)”,
i.e., the number of overlapping genes divided by the expected
number of overlapping genes drawn from two independent
groups, with a value of ≥1 indicating a significant overlap
between the gene datasets. The total number of genes was based
on all unique 14,800 transcripts on the Affymetrix HG-U133_2.0
array. We limited our examination of effects across samples to
all differentially expressed genes between PTSD/TE, TE/C, and
PTSD/C comparisons at p ≤ 0.005. Our rationale for choosing
this p-value was based on the compromise between providing a
sufficient number of genes for the analysis, while still controlling
the Type I error (63).

RESULTS

Aim 1: Gene Expression Analyses
TE vs. PTSD. At a FDR of 10%, we identified 53 genes with
evidence for differential expression between subjects with TE and
PTSD (Table 2). Of these, 44 genes were upregulated, and 9 genes
downregulated in the PTSD group compared to TE, respectively.
The three top significant genes were the growth regulation by
estrogen in breast cancer 1 (GREB1) gene (210562_at; t = 11.19,

TABLE 1 | Percent of trauma-exposed (TE) and PTSD groups witnessing or

experiencing different types of traumatic events.

% TE group % PTSD group

Natural disaster 42.9 28.6

Fire or explosion 14.3 7.1

Transportation accident 71.4 50.0

Serious accident 21.4 28.6

Exposure to toxic substance 7.1 0.0

Physical assault 35.7 64.3

Assault with a weapon 28.6 35.7

Sexual assault 21.4 50

Other unwanted or

uncomfortable sexual experience

14.3 42.9

Combat or war zone exposure 7.1 0.0

Captivity (e.g., being kidnapped) 0.0 0.0

Life-threatening illness 35.7 28.6

Sudden violent death 21.4 14.3

Serious injury you caused to

someone else

0.0 14.3

Other stressful event 21.4 21.4

p= 1.12E-08, q= 2.38E-04), the abhydrolase domain containing
6 (ABHD6) gene (221552_at; t = 8.41, p = 4.61E-07, q =

4.91E-03), and the FERMdomain containing 4B (FRMD4B) gene
(216134_at; t = 7.36, p = 2.38E-06, q = 1.69E-02). Interestingly,
compared to PTSD vs. TE comparison, we found a much lower
number of differentially expressed genes in the PTSD vs. Control
comparison, with only 5 differentially expressed genes at FDR
of 10%. The top gene in this category was represented by the
glutamate receptor, ionotropic, N-methyl D-aspartate 1 (GRIN1)
gene (205915_x_at; t = −6.04, p = 2.22E-06, q = 1.19E-02) that
was under expressed in subjects with PTSD. In the TE vs. Control
comparison at FDR of 10%, we observed only two genes: the
keratin 4, type II (KRT4) gene (214399_s_at; t = −6.64, p =

4.86E-07, q= 0.008178) and the protocadherin gamma subfamily
A, 11 (PCDHGA11) gene (211876_x_at; t=−6.45, p= 7.84E-07,
q= 0.008178), with both genes under expressed in the TE group.
The quantile-quantile (qq) plots of the p-value distribution for
the gene expression between the three comparisons are shown
in Supplementary Figure 4, and the entire list of differentially
expressed genes is provided in Supplementary Table 2. The
effect sizes for gene expression studies are generally larger than
the effect sizes observed in GWAS, which may be one possible
reason why the qq plots may appear inflated, without actually
being so (64).

Aim 2: Network Analysis
PTSD vs. TE Group Comparison
In our first set of network analysis, we identified 14 modules
[including the gray module (Mgrey), which contains genes
unassigned to any of the other 13 modules (52)] between the
PTSD and TE subjects.

The size of the 14 modules ranged from 312 transcripts in
Mblue to 35 transcripts in Mcyan and Mmidnightblue. In addition to
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FIGURE 1 | Module-trait relationships. Module MEs are correlated (Pearson) to PTSD/TE case-status (Diagnosis), to identify disease-relevant modules, and to alcohol

drinking (Alc_Diagn), number alcohol drinks per day (N_Drink_Days), the number of traumatic events (N_Traum_Events), and Beck depression scale (BDI_TOT_TRF) to

assess for confounding of these variables. P-values shown are unadjusted for multiple testing. (A) After adjusting for number of modules tested, MEbrown, MEpurple,

MEmagenta, and MEgreenyellow, are significantly correlated with PTSD/TE status (Diagnosis); (B) After adjusting p-values for number of modules tested, only MEcyan,

module is significantly correlated with PTSD/Cont status (Diagnosis). (C) Similarly, after adjusting p-values for number of modules tested, MEblue, MEred , MEpink , and

MEblack modules are significantly correlated with TE/Cont status (Diagnosis).

the main diagnosis phenotype (i.e., the PTSD/TE comparison)
the module eigengenes (MEs) of the 14 modules, which represent
the sum of gene expression profiles of each module, were
correlated to two additional phenotypes: a number of trauma
events (N_Traum_Events) and the Beck Depression Inventory
scores (BDI_TOT_TRF). Of the 14 modules, the MEs for 4
modules (containing a total of 628 genes) were significantly
and negatively correlated with PTSD at an adjusted Bonferroni
p ≤ 0.004 (Figure 1A).

PTSD vs. Control Comparison
In this comparison between the PTSD and Control groups,
we identified 18 modules, of which after Bonferroni correction
(adjusted p = 0.0027) only one module (Mcyan) consisting
of 52 genes was significantly negatively correlated with
the PTSD phenotype (Figure 1B). Interestingly, Mcyan

appeared to be also significantly correlated with the
number of interpersonal traumatic events as well (adj. p
≤ 0.003). Thus, it may be that, to some extent, modules

promoting PTSD development are shared with those that
differentiate those with varying levels of interpersonal
trauma (IPT) exposure.

TE vs. Control Comparison
Finally, in this third comparison, we identified 15 modules
in total, of which two modules (Mblack and Mred) remained
significant at the Bonferroni adjusted significance threshold
(adj. p ≤ 0.004) and 2 additional modules (Mpink and Mblue)
with a suggestive significance (Figure 1C). None of the
identified modules appeared to be correlated with depressive
symptoms. A table containing correlations and p-values
of all modules across the three comparisons is provided
in Supplementary Table 3.

Detection of Network Hub Genes
We observed a significant positive correlation between module
membership (MM) and gene significance (GS) for all significant
modules in the PTSD-TE (Figures 2A–D), in the TE-C
(Figures 2E–H), and in the PTSD-C comparisons (Figure 2I),
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FIGURE 2 | Modules significantly correlated with Diagnosis. Each point represents an individual transcript within each module, which are plotted by the absolute value

of their expression correlation to Diagnosis [Gene Significance (GS)] on the y-axis and module eigengene [Module Membership (MM)] on the x-axis. The correlation

and corresponding p-values are shown for each plot, indicating that increases of GS for transcripts is reflected by the concomitant increase in intramodular

connectivity (MM). (A–D) Modules significantly correlated with PTSD/TE; (E-H) Modules significantly correlated with TE/Cont; and (I) Module significantly correlated

with PTSD/Cont.

supporting previous observations that genes significantly
correlated with the disease are also the most important (or
central) elements of the modules (65). Of the 916 genes clustered
in the six modules that survive Bonferroni correction, 195 were
located in the top quartile of MM and were selected as candidate
hub transcripts (see Material andMethods). Interestingly, among
these, peptidylprolyl isomerase A (PPIA) was shared as a hub
between the Mbrown and Mpink modules that were significantly
correlated with trauma exposure in the PTSD vs. TE and TE
vs. Control comparisons. Full transcript, GS, MM, and gene
symbol annotation for candidate hub transcripts are available in
Supplementary Table 4.

Assessing Module Preservation
An important consideration of the network analyses is our ability
to test how well-preserved (stable) the modules between the
different phenotypes are. To that end, we were interested to know
whether any of the modules identified in the PTSD subjects, were
also preserved in the Control and/or the TE groups; thus, we
used 1,000 permutations in the preservation analysis to answer
this question. We observed that except for the large modules
(such as the turquoise module ≥1,000 genes) all other modules
showed modest to no preservation between PTSD, TE and
control subjects (Figures 3A–F) suggesting that the genes in these
modules show distinct connectivity and/or density patterns.
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FIGURE 3 | Module Preservation Statistics. Zsummary and medianRank are two mutually complementing preservation statistics to assess module preservation, using

either TE or the Cont modules as reference. Y-axis represents preservation statistics for the corresponding module(s) in the case set, and x-axis is the gene numbers

in each module. The dashed blue and red lines indicate the thresholds Z ≤ 2 and Z ≤ 10, respectively (see text for more details). (A,B) Zsummary and medianRank

preservations statistics for PTSD/TE comparison, respectively; (C,D) Zsummary and medianRank preservations statistics for TE/Cont comparison; (E,F) Zsummary

and medianRank preservations statistics for PTSD/Cont comparison.

Pathway Enrichment
Using the default parameters in GSEA (see methods and
material), at FDR ≤ 0.2, we identified a total of 16 a priori
gene sets. We further observed some of these to be shared
between more than one module. For example, a priori gene sets
enriched for the neuroactive ligand receptor interaction, focal
adhesion, and vascular smoothmuscle contraction gene sets were
predominantly shared betweenMgreenyellow,Mmagenta, andMbrown

modules in the PTSD vs. TE comparison and inMblue in theTE vs.
Control. Similarly, pathways enriched for genes involved in focal
adhesion were shared betweenMgreenyellow,Mmagenta, andMpurple

in the PTSD vs. TE comparison. In addition to shared gene
pathways, we also identified modules with unique enrichments.
Among these Mbrown, identified in the PTSD vs. TE comparison,
was the only module enriched for genes involved in Alzheimer
disease, long-term potentiation and chemokine signaling, while
Mgreenyellow was uniquely enriched for gene sets in the cytokine
receptor interaction pathway. Interestingly, while some of the
molecular features of PTSD have been shown to be associated
with neuroinflammation, in our study, the only module that was
enriched for genes related to immune processes such as antigen
processing and presentation, or natural killers cell mediated
cytotoxicity pathways was in Mpink from the TE vs. Control

comparison. In addition to genes involved in neuronal, cellular,
and/or neurodegenerative processes we also identified pathways
enriched for genes involved in MAPK, calcium, or chemokine
signaling. A full list of the significant unique and shared
enriched gene sets, as well as descriptions of PTSD biology, is
given in Table 3.

Results From Independent Sample
We tested whether our initial findings held in an independent
sample composed of military Veterans; the data from that
sample are described elsewhere (66). Notably, the Veteran
sample is primarily male and slightly older than the initial
test sample (i.e., 94.5% male, age range 21–40). The extent
to which differentially expressed genes were found across
samples was assessed via hypergeometric test assaying the
level of overlap between the two datasets and represented by
a Venn diagram in Supplementary Figure 5 and overlapping
genes in Supplementary Table 5. The Venn diagram was drawn
through an online source (https://bioinfogp.cnb.csic.es/tools/
venny/index.html). Based on this comparison, we observed a
significant overlap for the DEG (at unadjusted p ≤ 0.005)
between our civilian and Veteran samples in the PTSD/TE
comparison (i.e., PTSD/TE_Civ (n = 283 at least nominally
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TABLE 2 | Significant single gene expression analyses between the different

comparisons at an FDR of 10%.

Probeset ID Gene symbol T-value p-value q-value

PTSD/TE

210562_at GREB1 11.19 1.12E-08 2.38E-04

221552_at ABHD6 8.41 4.61E-07 4.91E-03

216134_at FRMD4B 7.36 2.38E-06 1.69E-02

210049_at SERPINC1 6.93 4.78E-06 2.54E-02

217144_at – −6.22 1.64E-05 4.83E-02

217065_at – 6.13 1.91E-05 4.83E-02

208389_s_at SLC1A2 6.13 1.92E-05 4.83E-02

222334_at C1orf186 −6.12 1.97E-05 4.83E-02

220594_at OGT 6.1 2.04E-05 4.83E-02

201679_at SRRT 6.03 2.30E-05 4.90E-02

210782_x_at GRIN1 −5.74 3.88E-05 6.87E-02

206224_at CST1 5.63 4.83E-05 6.87E-02

201438_at COL6A3 5.61 5.01E-05 6.87E-02

216847_at – 5.6 5.04E-05 6.87E-02

208036_at OPN1SW 5.52 5.84E-05 6.87E-02

206217_at EDA 5.51 5.97E-05 6.87E-02

210354_at IFNG 5.48 6.33E-05 6.87E-02

214382_at UNC93A 5.48 6.40E-05 6.87E-02

209209_s_at FERMT2 5.47 6.40E-05 6.87E-02

210431_at ALPPL2 5.45 6.66E-05 6.87E-02

207506_at GLRX3 5.43 6.99E-05 6.87E-02

201525_at APOD 5.4 7.39E-05 6.87E-02

214399_s_at KRT4 5.37 7.83E-05 6.87E-02

219486_at DUS2 5.35 8.12E-05 6.87E-02

211469_s_at CXCR6 −5.33 8.34E-05 6.87E-02

208194_s_at STAM2 5.31 8.76E-05 6.87E-02

211570_s_at RAPSN 5.3 8.92E-05 6.87E-02

205364_at ACOX2 5.28 9.28E-05 6.87E-02

221429_x_at TEX13A 5.27 9.35E-05 6.87E-02

218651_s_at LARP6 5.2 0.000108 0.075568

214493_s_at INADL −5.18 0.000112 0.075568

208804_s_at SRSF6 5.17 0.000114 0.075568

222354_at F11R 5.11 0.000127 0.081852

213475_s_at ITGAL −5.09 0.000133 0.08331

218913_s_at GMIP −5.06 0.00014 0.08381

214933_at CACNA1A −5.05 0.000144 0.08381

205034_at CCNE2 5.04 0.000146 0.08381

222325_at – 5.02 0.000153 0.086012

215448_at – 4.99 0.000161 0.086556

212993_at NACC2 4.97 0.000167 0.086556

211550_at EGFR 4.97 0.000167 0.086556

220580_at BICC1 4.96 0.000171 0.086556

216946_at HLA-DOA 4.93 0.000183 0.090485

207451_at NKX2-8 4.9 0.000192 0.09288

218186_at RAB25 4.86 0.000207 0.09304

205017_s_at MBNL2 4.86 0.00021 0.09304

207772_s_at PRMT8 4.85 0.000211 0.09304

215534_at – 4.85 0.000213 0.09304

207885_at S100G 4.84 0.000217 0.09304

(Continued)

TABLE 2 | Continued

Probeset ID Gene symbol T-value p-value q-value

219759_at ERAP2 4.83 0.000218 0.09304

219768_at VTCN1 4.82 0.000226 0.094414

216616_at – 4.77 0.000249 0.100276

215366_at SNX13 −4.77 0.00025 0.100276

TE/C

214399_s_at KRT4 −6.64 4.86E-07 0.008178

211876_x_at PCDHGA11 −6.45 7.84E-07 0.008178

PTSD/C

205915_x_at GRIN1 −6.04 2.22E-06 1.19E-02

217144_at – −5 3.34E-05 6.93E-02

219838_at TTC23 −4.69 7.58E-05 8.15E-02

200633_at UBB −4.61 9.45E-05 8.85E-02

213695_at PON3 −4.51 0.000122 0.09248

FIGURE 4 | Power to detect differentially expressed genes with varying effect

sizes (R26C) at α = 5 × 10−4. Y-axis shows power and the X-axis shows

effective sample size.

different genes); PTSD/TE_Vet (n = 565 at least nominally
different genes); gene overlap (n=19); total number of genes (n=
14,800; rf= 1.8; p= 0.012) only. There was no significant overlap
between the other two comparisons (i.e., PTSD/C and TE/C).

Power Analysis Findings
As shown in Figure 4, we have a sufficient power to detect an
R² increase of 6% attributed to one independent variable after
adjusting for 9 covariates at an FDR adjusted p ≤ 0.0005.
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TABLE 3 | GSEA ontology enrichment results for the significant gene modules.

PTSD/TE_Brown_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_ALZHEIMERS_DISEASE 16 0.3808411 1.8343772 0.006012024 0.11456045 0.118 564

KEGG_CHEMOKINE_SIGNALING_PATHWAY 28 0.2661027 1.6540613 0.04158416 0.12534362 0.292 685

KEGG_VASCULAR_SMOOTH_MUSCLE_CONTRACTION 16 0.34704605 1.6623145 0.027027028 0.152568 0.283 520

KEGG_LONG_TERM_POTENTIATION 15 0.36446524 1.6956825 0.030592734 0.17543387 0.248 462

PTSD/TE_GreenYellow_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 38 0.29289687 2.0918672 0 0.039426543 0.032 244

KEGG_FOCAL_ADHESION 25 0.31623906 1.9317259 0.003802281 0.054069344 0.083 921

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 28 0.2855701 1.8023701 0.010141988 0.06624937 0.144 602

PTSD/TE_Magenta_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_FOCAL_ADHESION 25 0.46487573 2.8352916 0 0 0 518

KEGG_VASCULAR_SMOOTH_MUSCLE_CONTRACTION 16 0.3864319 1.9351841 0.004008016 0.04435187 0.067 461

KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 38 0.25406504 1.81941 0.01026694 0.062306367 0.136 381

PTSD/TE_Purple_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_FOCAL_ADHESION 25 0.36741436 2.2619853 0 0.018515298 0.015 542

TE/Controls_Blue_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 41 0.26657942 2.0054896 0.008032128 0.042644728 0.039 679

KEGG_CALCIUM_SIGNALING_PATHWAY 24 0.29648352 1.698969 0.02892562 0.11025008 0.188 601

KEGG_MAPK_SIGNALING_PATHWAY 31 0.23569264 1.5734301 0.052208837 0.13829629 0.316 768

TE/Controls_Pink_Module Size ES NES NOM p-value FDR q-value FWER p-value Rank at max

KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION 15 0.49288395 2.3176186 0 0.004643181 0.004 503

KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY 23 0.32229558 1.7953429 0.016129032 0.080599934 0.137 118

DISCUSSION

This study employs a three-group design that allowed
disaggregation of expression differences among PTSD, TE,
and C groups. The largest number of expression differences were
observed between PTSD-TE groups (54), followed by PTSD-
control (33) and TE-control (2). We observed overlap between
those that differentiated the PTSD-TE groups, and PTSD-
control groups (hypergeometric p = 1.17E-33). Specifically, 19
overlapped across the sets of analyses.

In terms of the network findings, there were 4 modules,
1 module, and 2 modules that differentiated the PTSD-TE,
PTSD-C, and TE-C groups, respectively. The only overlapping
module was the one that differentiated PTSD-C groups,
also differentiating PTSD-TE groups. Supporting previous
network findings (32, 33), we identified pathways enriched for
genes involved in chemokine signaling and immune system
functioning (i.e., natural killer cells; Supplementary Table 4),
suggesting these modules captured genes sets involved in the
inflammatory response to TE and/or PTSD.

Notably, as none of our significant effects overlapped with

genome-wide gene expression findings from prior studies,
overlap between our findings and those from related literatures

are discussed below. Some of our study findings are consistent
with candidate gene literature on PTSD. Specifically, CNR1, a
cannabinoid receptor gene, was part of a module differentially
expressed between PTSD-TE, and prior work found evidence

for this gene’s association with PTSD (67). The Apolipoprotein
E gene APOE was also part of a module differentially expressed
between these two groups, with research finding evidence for its

association with PTSD as well (68). Our findings do not provide
support for genes whose SNPs have been implicated in PTSD
genome-wide association studies [e.g.,ANKRD55, ZNF626; (69)].

Some genes differentially expressed between groups were
associated with functional processes underlying or related to
stress response/PTSD. For example, the nicotinic and muscarinic
receptor genes CHRNA4 and CHRM2, respectively, within
modules differentially expressed between PTSD-TE, impact
immune function and inflammatory responses (70, 71), which
are relevant to PTSD. CHRNA4 also impacts arousal, anxiety,
and memory (72), and CHRM2, is important in learning,
memory and higher order brain functions (73). In addition,
the gene ABHD6, also differentially expressed between PTSD-
TE, and involved in cannabinoid system signaling, is implicated
in symptoms of anxiety and depression (74), which are highly
likely to co-occur with PTSD (75). The geneGRIN1, differentially
expressed between PTSD-Controls, encodes a NMDA receptor
involved in activation of the pre-frontal cortex and previously
linked to Bipolar Disorder (76). Thus, the results from this
study suggest that genes differentially expressed between the
groups may be functionally involved in immune function and
inflammation, stress response, arousal, learning and memory, as
well as related psychopathology, including anxiety, depression,
and Bipolar.

Recent whole blood, transcriptome-wide mega-analysis
comparing those with PTSD to trauma-exposed controls
was conducted and notably, while collapsing across trauma
types (e.g., interpersonal combat) and sex, no case-control
comparisons within the univariate analyses resulted in significant
effects withstanding the FDR p < 0.05 correction (77). Of the
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genes differentially expressed between those in the PTSD
and TE groups in the current sample, none overlapped with
the nominally significant genes differentially expressed in
females exposed to IPT in Breen et al. (77). Although no
genes overlapped, a number of genes in systems from which
genes detected in the current study were found to be (at least
nominally) important in differentiating groups. Specifically,
the expression of genes involved in innate immune response,
the cytokine receptor pathway, and interferon signaling
differentiated those with PTSD and TE among females exposed
to IPT in both samples.

Of the 283 genes at least nominally differentially expressed
between the PTSD and TE groups in the current Civilian sample,
19 of these overlapped with those found to be differentially
expressed between the PTSD and TE groups in the Veteran
sample. Of these 19 genes that were found to be significant in
both samples, some are involved in immune system functioning
[e.g., XIAP; (78)] signaling processes [e.g., INPP4A; (79)]
and learning and motivation [e.g., EHMT1; (80)], consistent
with prior literature. Others, interestingly, were implicated
in tumor growth [e.g., YES1, PML; (81, 82)] and a range
of other health-related outcomes [e.g., SNX13 and CCHCR1;
heart failure, skin disease; (83, 84)]. Thus, over and above
trauma type differences between the two samples, it appears
that the expression of genes implicated in immune functioning,
signal processing, learning/motivation, and broad health-related
outcomes differentiate those with trauma exposure with and
without PTSD. That is, the expression of genes implicated in
these systems arose in two separate samples that differ on target
trauma type (interpersonal Civilian vs. combat Veteran), sex
(i.e., the civilian sample here was all adult and the Veteran
sample was predominantly male), and age [the Veteran age
range was higher (21–40) than the civilian (21–30)], which is
quite notable. Interestingly, there were no overlapping genes
differentially expressed between control and trauma-exposed
groups, or between control and PTSD groups across the current
study and Veteran samples. As noted above, these two samples
differed in terms of the criterion trauma type required, as well
as gender and age, so it is perhaps not surprising that two of the
comparisons yielded no overlap.

The module preservation statistics further supports our
differential expression and network analysis results suggesting
separation between the profiles for not only subjects with PTSD
and controls, but also for TE individuals. This separation further
indicates that different gene modules identified in the PTSD and
TE groups are in overall qualitatively different from those in the
controls, as well as between each other.

Limitations, Future Directions, and
Conclusions
This study is not without limitations. First, because of its
cross-sectional, we are unable to determine the direction of
effects. Second, given the stated sample characteristics, these
findings may not generalize to males or individuals of other
ancestral groups. Although the criterion trauma for the initial

sample was interpersonal trauma and for the veteran sample
was combat trauma, individuals tended to have other traumas
in addition to the target trauma, consistent with prior literature
(85). However, additional studies using other trauma types (e.g.,
disaster, bereavement) as the criterion trauma are needed. It
is also important to note that the two samples on which we
tested our research questions were quite different—that is, one
was primarily female, civilian, and interpersonal trauma-exposed
and the other was primarily male, veteran, and combat exposed.
Thus, effects found across these two samples really point to gene
expression differences that hold over and above sex and trauma
type. Future work would benefit from examining these questions
across two samples that are more similar on these characteristics.
In addition, although we conducted power analyses which
suggested we could detect effects explaining an R² increase of 6%
variance, we, of course, would have missed effects that are smaller
than this. Fourth, with any network approaches, our network can
capture underlying technical biases rather than actual biological
differences, though our investigation of all potential covariates
that are present in any genome-wide expression data (i.e., batch
effects, RIN, probe dependencies) argues against this possibility.
Another limitation is the lack of specific significant thresholds,
which we can use to declare whether our PTSD, TE, and
control networks are specific to each of these phenotypic traits.
We applied permutation-based statistics to account for the
preservation significance, i.e., estimating the empirical p-value
distribution, which is more powerful that the application of
predefined p-values thresholds. However, it has been shown that
this approach is dependent on the module size (86). To alleviate
this potential shortcoming, we used an additional preservation
measure such as medianRank measure that is invariant to the
module size. Additionally, as a network is formed by using genes
included in the network analysis, we could not examine whether
genes outside of this network, i.e., not included in the network
analysis (please see Materials and Methods, Network Analysis
for our justification) were associated with group membership.
Future research should attempt to answer this question. Finally,
we chose to use a Microarray because we were interested
in examining differentially expressed genes between our three
groups, but in the future, RNA-sequencingmay have future utility
for identification of alternative variants.

Despite its limitations, this study makes several key
contributions to the literature. It was an early study to
utilize differential expression analyses, including a number of
key covariates, as well as network analyses in the examination of
expression differences within this three-group design. Broadly
these findings suggest that there are more genes and networks
differentiating those with and without PTSD, compared to
the number that differentiate those with and without TE. This
suggests that there is something clinically meaningful about
PTSD, that differentiates it from exposure to trauma—in terms
of gene expression signatures. Additionally, although there is
some overlap, the genes differentially expressed following TE are
not the same that are expressed among those with PTSD. These
findings are a next step toward identifying potentially novel
pharmacological targets for this debilitating condition.
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Supplementary Figure 1 | Microarray quality was assessed via a principal

components analysis (PCA) on the expression values in which samples were

plotted along the first three principal components (PCs) to identify potential

microarray outliers. (A) Three samples did not load on two of the first three PCs

and were removed from subsequent analysis. (B) The PCA results were further

corroborated via unsupervised hierarchical clustering (using Euclidian metrics),

with two of the same samples identified in the PCA analysis also presenting as

outliers in the unsupervised hierarchical clustering.

Supplementary Figure 2 | Microarray expression data validation using

quantitative (qPCR) approach. Expression levels of four genes measured by the

expression array-based approach were validated by qPCR in all 45 RNA samples.

The Y-axis represents the qPCR data and the X-axis the array data. The

correlation coefficients were calculated using the Pearson product-moment.

Supplementary Figure 3 | Figure displays the cell deconvolution as a heatmap

where each column is a sample, and each row represents a different immune cell

type. Each entry (square) in the matrix shows the inferred quantity of a certain cell

type in a specific input sample, i.e., the red/blue coloring scheme indicates

increase or decrease in estimated cell proportion relative to the control sample.

Supplementary Figure 4 | Quantile–quantile (QQ) plots of the gene expression

signals across the PTSD/TE, TE/Cont, and PTSD/Cont comparisons. The

expected –log10 p-values under the null hypothesis are represented on the x-axis,

while the observed values are represented on the y-axis.

Supplementary Figure 5 | Overlap between civilian and veteran samples.

Supplementary Table 1 | Microarray validation using quantitative (qPCR)

approach.

Supplementary Table 2A | Single gene expression analysis statistics for

PTSD/TE comparison. The highlighted rows represent significant DEG at FDR of

10%.

Supplementary Table 2B | Single gene expression analysis statistics for TE/Cont

comparison. The highlighted rows represent significant DEG at FDR of 10%.

Supplementary Table 2C | Single gene expression analysis statistics for

PTSD/Cont comparison. The highlighted rows represent significant DEG at FDR of

10%.

Supplementary Table 3A | The entire list of genes with their espective gene

significance and module membership correlation values across all modules

identified in PTSD/Cont comparison.

Supplementary Table 3B | The entire list of genes with their espective gene

significance and module membership correlation values across all modules

identified in PTSD/TE comparison.

Supplementary Table 3C | The entire list of genes with their espective gene

significance and module membership correlation values across all modules

identified in TE/Cont comparison.

Supplementary Table 4 | Identified hub genes for the three comparsions.

Additional information such as correlation and p-values for gene significance (GS)

and module membership (MM) are also presented.

Supplementary Table 5 | The set of genes overlapping between the civilian and

veteran samples at single gene expression level of p ≤ 0.005.
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Minor physical anomalies are somatic markers of aberrant neurodevelopment, so the

higher prevalence of these signs among the relatives of bipolar I patients can confirm

minor physical anomalies as endophenotypes. The aim of the study was to evaluate the

prevalence of minor physical anomalies in first-degree healthy relatives of patients with

bipolar I disorder compared to normal control subjects. Using a list of 57 minor physical

anomalies (the Méhes Scale), 20 first-degree unaffected relatives of patients with the

diagnosis of bipolar I disorder and as a comparison 20 matched normal control subjects

were examined. Minor physical anomalies were more common in the ear, head, mouth

and trunk regions among the relatives of bipolar I patients compared to normal controls.

By the differentiation of minor malformations and phenogenetic variants, we have found

that both minor malformations and phenogenetic variants were more common among

the relatives of bipolar I patients compared to the control group, while individual analyses

showed, that one minor malformation (sole crease) and one phenogenetic variant (high

arched palate) were more prevalent in the relative group. This is the first report in

literature on the increased prevalence of minor physical anomalies among the first-degree

unaffected relatives of bipolar I patients. The study support the concept, that minor

physical anomalies can be endophenotypic markers of bipolar I affective disorder.

Keywords: psychotic disorders, somatic markers, endophenotype, bipolar disorder, neurodevelopment

INTRODUCTION

Minor physical anomalies (MPAs) are clinically nonsignificant errors of morphogenesis which
have a prenatal origin and may bear important informational value. The presence of minor
physical anomalies is a sensitive indicator of altered embryonic development. Since both the brain
and the skin derived from the ectoderm, minor physical anomalies may be physical markers
of aberrant neurodevelopment. Minor physical anomalies develop during the first and/or early
second trimester of gestation (1–5) and represent potentially valuable indices of disturbances
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in early brain development. “Once formed they persist into
adult life and can be detected on visual examination of the
particular body area” (9, 224.pp.). As our group (4, 6–10)
and others (11, 12) have discussed earlier, differences and
contradictions between studies on minor physical anomalies
among adults and children with different neuropsychiatric
disorders, may be associated, partly, with the problems in the
use of the Waldrop-scale for the detection of these signs.
The Waldrop-scale contains only 18 minor physical anomalies
(13) while in recent genetic and pediatric literature more
than 50 anomalies have been listed (1, 2, 8, 12). A major
problem with the Waldrop-scale that it makes no distinction
between minor malformations, which arise during organogenesis
and phenogenetic variants, which appear after organogenesis
(1, 2, 7). A clear distinction between morphogenetic events
developing during and after organogenesis seems to be needed.
Minor malformations are always abnormal and are qualitive
defects of embryogenesis, which arise during organogenesis. All
malformations are developmental field defects and usually they
are all-or-none anomalies. In contrast phenogenetic variants
are quantitative defects of final morphogenesis and arise after
organogenesis” (9,224.pp.). Using a list of MPAs containing 57
minor signs evaluated by Méhes (2), previously we have studied
the prevalence of minor physical anomalies in patients with
schizophrenia, bipolar affective disorder, alcohol dependence,
Tourette syndrome, major depression and among the healthy
relatives of patients with schizophrenia (3, 6, 8–10, 14–16),
and the list and definitions has become also acceptable for
researchers (8).

The endophenotype concept of bipolar affective disorder
represents an important approach in the exploration of the
pathogenesis of the illness. Gottesman and Gould (17) described
an endophenotype as an intermediate phenotype that fills the
gap between genes and diseases. “Endophenotypes should be: (1)
associated with the illness, (2) heritable, (3) state-independent,
(4) found in unaffected relatives at a higher rate than in the
general population, and (5) shown to co-segregate with the illness
within families” (9,225.pp.). An important characteristic of an
endophenotype, that it can be more commonly found among the
healthy, first-degree relatives of patients with schizophrenia (for
a review in schizophrenia, see 9). Minor physical anomalies are
suggested as endophenotypes on account of the findings that in
some (5, 10–12, 18, 19), but not all (20–22) studies MPAs were
more common in bipolar patients than in healthy controls, MPAs
are trait-markers, so they can be detected in remission too.

Only one single study (22) was reported with a very low
number of participants (9 siblings of bipolar patients) on the
prevalence of minor anomalies in bipolar relatives, where no
difference was detected among the healthy first-degree relatives
compared to normal controls, so we consider the field to be open
for further research.

The aim of this study was to investigate the prevalence
of minor physical anomalies - using the Méhes Scale to
differentiate minor malformations and phenogenetic variants -
in the relatives of patients with bipolar I disorder comparing
them to normal control subjects. The following hypotheses have
been tested: (1) MPAs are more prevalent in the relatives of

bipolar I patients compared to normal controls, which supports
the hypothesis, that MPAs can be endophenotypic markers
of bipolar I disorder (2) a higher rate of MPAs is found
predominantly in the craniofacial regions among the relatives of
bipolar I patients, pointing at aberrant early (first and second
trimester) neurodevelopment.

MATERIALS AND METHODS

Study Subjects
Using a list of 57 minor physical anomalies collected by Méhes
(2), 20 first-degree healthy relatives of patients with the diagnosis
of bipolar I disorder were examined. Eleven parents, 3 siblings
and 6 children were included in the study, the mean age of the
relatives was 57.20 years (standard deviation: 21.53, standard
error mean: 4.81). The age of the 6 children were: 44, 47, 35, 42,
42 and 28 years. The sample size followed previous publication
(9). As a comparison 20 normal control subjects matched
for sex, age and ethnic origin were also observed for minor
physical anomalies. Controls were excluded if they endorsed
any personal or family history (in the first- or second-degree
relatives) of psychotic disorders, mood disorders, personality
disorders and anxiety disorders. First-degree relatives of bipolar
I patients were excluded if they endorsed a personal history of
psychotic disorders, mood disorders, personality disorders and
anxiety disorders. For all participants, psychotic disorders, mood
disorders, personality disorders and anxiety disorders were ruled
out independently by two experienced psychiatrists according
to the DSM-5 (23). All clinical information were obtained from
structured clinical interviews.

Examination of Minor Physical Anomalies
We have used the Méhes Scale for evaluation of MPAs,
which includes 57 minor signs (4, 6, 8–10). MPAs were
connected to body regions for comparison. A clear differentiation
between minor malformations and phenogenetic variants were
introduced, the scale and detailed definitions were published
earlier (8). All participants gave informed consent, the study was
performed in accordance with the Declaration of Helsinki and
was evaluated following institutional guidelines. The Commitee
on Medical Ethics of University of Pécs accepted the proposal
for the study (No.6416). Two examiners (T. Tényi, Gy. Csábi)
investigated all the relatives and controls separately. “The raters
were trained by Professor Károly Méhes, and they participated
earlier in many minor anomaly studies, they have a long
clinical experience in dysmorphology. The examination of
minor physical anomalies was done qualitatively (present or
absent) without scores being used, but where it was possible,
measurements were taken with calipers and tape to improve the
objectivity of examination” (9,226.pp).

Statistical Analysis
“Before the statistical analyses interrater reliability was tested
and the kappa coefficient was >0.75 for all items. Statistical
analyses were done by applying the Mann - Whitney U-test for
and the chi-squared test for the comparison of the two groups
with each other. Two-sided Fisher’s exact tests were used to
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TABLE 1 | The number of MPAs in the case of relatives and controls.

0 MPA 1 MPA 2 MPAs 3 MPAs 4 MPAs 5 MPAs 6 MPAs 7 MPAs 8 MPAs

Controls (no. 20) 11 7 2 0 0 0 0 0 0

Relatives (no. 20) 0 2 3 8 3 2 1 0 1

TABLE 2 | Comparison of percentages of body regions in the two goups according to the dichotomization, where the cut point was: (1) at least 1 or more MPAs;

(2) 0 MPA.

Ear region Head region Mouth region Eye region Trunk region Hand region Foot region

Controls (no. 20) 0.00% 10.00% 0.00% 0.00% 25.00% 10.00% 10.00%

Relatives (no. 20) 45.00% 45.00% 70.00% 10.00% 65.00% 35.00% 35.00%

Fisher exact test, level

of significance

P = 0.001 significant P = 0.038 significant P < 0.001 significant P = 0.487 ns P = 0.025 significant P = 0.127 ns P = 0.127 ns

Fisher-exact-test results.

compare the two groups with each other by body regions, the
level of significance chosen was p < 0.05. For the analysis of
the frequency of each individual minor physical anomaly the
two-sided Fisher’s exact probability test was used, the level of
significance chosen was p < 0.05. All the statistical analyses were
done by the use of SPSS Version 21” (9,226.pp).

Results
The comparison of two groups with the Mann-Whitney-U-
test showed significant differences between them (relatives of
bipolar I patients: mean rank: 29.8 vs. normal controls: mean
rank: 11.2, p < 0.001). The differences of the MPA profiles
between the two groups is shown on Table 1. As in our earlier
publications (3, 8, 9) we did a dichotomization by establishing
two groups: (1) none or only 1 MPA, (2) MPAs more than
1. While in the control group the number of individuals with
none or only with 1 MPA was 18 (90%), this in the relative
group was 2 (10%), the chi-squared test showed a statistically
significant difference (p < 0.001). The significantly different
between group data of the 2-sided Fisher’s exact test comparisons
of percentages according to body regions are shown on Table 2.
Relatives of bipolar I patients showed a higher frequency of
MPAs in the ear, head, mouth and trunk regions compared
to normal control subjects. By the differentiation of minor
malformations and phenogenetic variants, we have found that
phenogenetic variants were more common among the relatives
of bipolar I patients compared to the control group (relatives:
mean rank: 26.15 vs. controls: mean rank: 14.85, P = 0.002),
while minor malformations were also more prevalent in the
relative group, (relatives: mean rank: 28.43, controls: mean
rank: 12.57, p < 0.001). Comparing phenogenetic variants by
body regions, between the two groups phenogenetic variants
in the mouth region were more prevalent (Fisher’s exact test,
two-sided: 0.003) among the relatives of bipolar I patients.
Comparing minor malformations by body regions: ear minor
malformations (Fisher’s exact test, two-sided: 0.008), trunkminor
malformations (Fisher’s exact test, two-sided: 0.025) and foot
minor malformations (Fisher’s exact test, two-sided: 0.047) were
more prevalent in the relative group. The results of comparisons

TABLE 3 | Individual analysis of MPAs between the two groups, significant

differences.

Relatives,

number of

individuals

Controls,

number of

individuals

Ficher

exact-test,

two-sided

High arched

palate

5 0 P = 0.047

significant

Sole crease 5 0 P = 0.047

significant

of individual MPAs among the two groups are shown on
Table 3. Only one minor malformation (sole crease) and one
phenogenetic variant (high arched palate) weremore prevalent (p
= 0.047) in the bipolar relatives group compared to the normal
control group.

DISCUSSION

This is the first report in literature on the increased
prevalence of minor physical anomalies among the first-
degree unaffected relatives of bipolar I patients. Our results
on the overrepresentation of the examined anomalies in the
relatives of bipolar I patients support the hypothesis, that
MPAs may be endophenotypic markers of bipolar I affective
disorder. We report here, that minor physical anomalies were
more prevalent in the eye, head, mouth and trunk regions
among the relatives of bipolar I patients compared to normal
controls and the individual analyses showed, that one minor
malformation (sole crease) and one phenogenetic variant (high
arched palate) were also more prevalent in the relative group
compared to the normal control group. First in literature,
we report here on the analyses of MPAs among relatives of
bipolar I affective patients by the differentiation of minor
malformations and phenogenetic variants, and we emphasize
that insults resulting aberrant neurodevelopment may appear
both during and after the first and second trimester (both
phenogenetic variants and minor malformations were more
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prevalent in the relative group, while one minor malformation
and one phenogenetic variant were significantly more common
among the relatives of patients during the individual analysis).
We see as an important result, that relatives of bipolar I
patients showed a higher frequency of MPAs in the eye,
head and the mouth regions and one phenogenetic variant
(high arched palate) was more prevalent in this group of
individuals. Previous findings suggested, that anomalies of
the head and the mouth may have more relevance to the
hypothetical neurodevelopmental failure in patients with
several neuropsychiatric disorders (2, 8, 12, 15, 24–26).
In our previous study on the higher prevalence of minor
physical anomalies among healthy schizophrenia relatives
(9), in harmony with the results of Tikka et al. (26), we
reported that MPAs in the craniofacial region were significantly
higher in the first-degree relative group than the healthy
control group.

Limitations
A limitation of our study is the relatively smaller sample
size, the replication of our findings on bigger samples seems
important. Another caveat of the work, that the relative group is
heterogeneous, as 11 parents, 3 siblings and 6 children of bipolar
I patients were evaluated, 10% of the relatives (2 children) by
chance can develop bipolar disorder later.

To conclude: considering the endophenotype concept (9,
17), it should be reminded that although minor physical
anomalies are not specific to bipolar affective disorder and
are reported in different neurodevelopmental disorders (2,
14, 27), however our first, pioneering results on the more
prevalent appearence of these markers among the relatives of
patients with bipolar I affective disorder, can suggest these

anomalies as endophenotypic traits, emphasizing at aberrant
brain development as an important etiological component in
bipolar I disorder. Further studies on the MPA profile of healthy
relatives of bipolar I patients, correlating with results from
structural brain imaging, can clarify the endophenotypic nature
of these somatic markers and the nature of genetic and/or
enviromental insults on brain maldevelopment.
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Schizophrenia is a common neuropsychiatric disorder with complex pathophysiology.
Recent reports suggested that complement system alterations contributed to
pathological synapse elimination that was associated with psychiatric symptoms in
schizophrenia. Complement component 3 (C3) and complement component 4 (C4)
play central roles in complement cascades. In this study, we compared peripheral
C3 and C4 protein levels between first-episode psychosis (FEP) and healthy control
(HC). Then we explored whether single nucleotide polymorphisms (SNPs) at C3 or C4
genes affect peripheral C3 or C4 protein levels. In total, 181 FEPs and 204 HCs were
recruited after providing written informed consent. We measured serum C3 and C4
protein levels using turbidimetric inhibition immunoassay and genotyped C3 and C4
polymorphisms using the Sequenom MassArray genotyping. Our results showed that
three SNPs were nominally associated with schizophrenia (rs11569562/C3: A > G,
p = 0.048; rs2277983/C3: A > G, p = 0.040; rs149898426/C4: G > A, p = 0.012); one
haplotype was nominally associated with schizophrenia, constructed by rs11569562–
rs2277983–rs1389623 (GGG, p = 0.048); FEP had higher serum C3 and C4 (both
p < 0.001) levels than HC; rs1389623 polymorphisms were associated with elevated
C3 levels in our meta-analysis (standard mean difference, 0.50; 95% confidence interval,
0.30 to 0.71); the FEP with CG genotype of rs149898426 had higher C4 levels than
that with GG genotypes (p = 0.005). Overall, these findings indicated that complement
system altered in FEP and rs149898426 of C4 gene represented a genetic risk marker
for schizophrenia likely through mediating complement system. Further studies with
larger sample sizes needs to be validated.

Keywords: first-episode psychosis, complement protein concentration, single nucleotide polymorphism, Chinese
Han population, case-control studies
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HIGHLIGHTS

- Peripheral C3 and C4 protein levels were increased in first-
episode psychosis (FEP).

- The rs149898426 polymorphisms of C4 gene were associated
with schizophrenia.

- The CG genotype of rs149898426 were associated with higher
serum C4 level in FEP comparing with GG genotype.

INTRODUCTION

Schizophrenia is a severe and complicated neuropsychiatric
disorder characterized by hallucinations, delusions and cognitive
dysfunction (Kahn and Keefe, 2013; Kahn et al., 2015; Owen
et al., 2016). While many studies attributed the causes of
schizophrenia to biological or environmental factors, the etiology
of schizophrenia are still unclear. Several lines of evidence
suggested that dysregulation of the immune system contributed
to the development of schizophrenia. Epidemiological studies
found that infection and autoimmune disorders were associated
with schizophrenia (Brown and Derkits, 2010; Benros et al., 2011,
2014; Arias et al., 2012; Khandaker et al., 2013). Besides, many
cross-sectional studies reported that proinflammatory cytokines
and C-reactive protein (CRP) were increased in schizophrenia
compared with healthy control (HC) (Miller et al., 2011; Fineberg
and Ellman, 2013; Fernandes et al., 2016). Lastly, antipsychotics
has been demonstrated to have immunomodulatory effects, for
example, clozapine (Hinze-Selch et al., 1998; Roge et al., 2012).
Thus, immune dysregulation could represent a vulnerability
factor for schizophrenia.

Complement system, an important part of the innate
immune system, play important roles in clearing microbes
and damaged cells from an organism, triggering inflammation
and destroying foreign invaders (Merle et al., 2015a,b). Recent
evidence identified that complement system orchestrated the
balance for neurodevelopmental processes (Stephan et al., 2012;
Ricklin et al., 2016). For example, overactivation of complement
system contributed to neurotoxicity and pathological synapse
loss through microglia, leading to progressive dysfunction in
Alzheimer disease (AD) (Shi et al., 2017; Heneka et al., 2018).

Complement component 3 (C3) and complement component
4 (C4) play dominant roles in complement cascades. The C3
gene is located on chromosome 19, consisting of 41 exons and
the mRNA has 5101 bp. C3 is a convergent point for activation
both classical and alternative complement pathways (Merle et al.,
2015a,b). Genetic evidence suggests that the polymorphisms of
C3 were associated with risk of schizophrenia (Rudduck et al.,
1985; Fañanás et al., 1992; Ni et al., 2015; Zhang et al., 2018). And
patients with schizophrenia had increased C3 protein levels in
peripheral blood (Santos Sória et al., 2012; Ali et al., 2017) and
serum C3 concentrations were positively correlated with PANSS
scores (Li et al., 2016). The C4 gene has two isoforms, C4A
and C4B, located within the major histocompatibility complex
(MHC) region on chromosome 6. C4A was proved to increase the
risk for schizophrenia through mediating synapse pruning during
postnatal development (Sekar et al., 2016).

The elucidation of pathophysiology in the early stages of
schizophrenia may help understand disease etiology. First-
episode psychosis (FEP) refers to the first time a person outwardly
experiences symptoms of psychosis. Although some symptoms
were unspecific in FEP, the underlying biological processes has
changed, especially upregulating inflammatory status. Given that
C3 and C4 are major plasma proteins of the complement pathway
and are widely measured parameters during clinical practice, we
investigated whether C3 or C4 protein levels are different between
FEP and HC from our clinical data. Considering previous reports
that C3 or C4 gene has multiple single nucleotide polymorphisms
(SNPs) that were at the genome-wide level (Yang et al., 2012), we
selected several SNPs at C3 (rs11569562, rs2277983, rs1389623)
and C4 (rs406658, rs2746414, rs149898426) genes to explore
the associations between genotype and complement protein
concentration in FEP.

MATERIALS AND METHODS

Subjects
A total of 181 FEPs (94 males, 87 females; mean age:
29.9 ± 10.0 years) and 204 HCs (96 males, 108 females; mean age:
30.0 ± 10.2 years) were recruited from Peking University Sixth
Hospital. The diagnosis was made according to the fourth edition
of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV) criteria using a Structured Clinical Interview and
people with FEP did not take medication regularly. We excluded
HC with a history of mental health or neurological diseases from
communities through simple unstructured interviews conducted
by psychiatrists. All participants were given written informed
consent before the study began. The study was conducted under
established ethical standards and was approved by the ethics
committee of Peking University Sixth Hospital.

SNP Selection and Genotyping
We collected 5 mL venous blood from each subject, separated
out serum by centrifugation, and stored it at –80◦C until
laboratory analysis. The genomic DNA was extracted from
using the QIAamp DNA Blood Mini Kit. We selected 3
haplotype-tagging single nucleotide polymorphisms (tagSNPs)
by using the UCSC (GRCh37/hg19) genome browser1 for C3
and C4, respectively (C3: rs11569562, rs2277983, rs1389623;
C4: rs406658, rs2746414, rs149898426). Genotyping was
conducted for 6 tagSNPs by using the platform of the
Sequenom MassArray system (Sequenom, San Diego, CA,
United States). Locus-specific polymerase chain reaction (PCR)
and detection primers were designed with the MassARRAY
Assay Design Version 3.0 software (Sequenom, San Diego,
CA, United States). The DNA samples were amplified by
multiplex PCR reactions and the obtained products were
used for locus-specific single-base extension reaction. The
final products were desalted and transferred to 384-element
SpectroCHIP arrays. Allele typing was performed using MALDI-
TOF MS spectroscopy. The mass spectrum was analyzed by

1http://genome.ucsc.edu/
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the MassARRAY TYPER software (Sequenom, San Diego, CA,
United States). All DNA samples were analyzed in technical
duplicates. We genotyped each sample thrice to minimize

genotyping errors and only consensus genotypes were processed
for further analysis. Genotyping primer sequences are indicated
in Table 1.

TABLE 1 | SNP information and PCR and extension primer sequences from Sequenom SNP genotyping.

SNP Position Location Second-PCRP First-PCRP UEP_SEQ

rs11569562 6678742 Intron ACGTTGGATGTACTATGCAATGAGAGTGAC ACGTTGGATGTGACTGTAGTTTTCCGTGGC CCATGAGGCTACAGTATT

rs2277983 6679552 Intron ACGTTGGATGGAAGATGAGAGGATAAGGGC ACGTTGGATGCAGGTCTGAAGACTGAGAAC CTCCCTCCAAAGACCA

rs1389623 6684186 Intron ACGTTGGATGATGATTGTGTACTTTCCTCC ACGTTGGATGTGTGAGACCACAGCAATGAC AGCAATGACCACGTAAG

rs406658 32028747 Coding sequence ACGTTGGATGTTGAAGGTCCTGAGTTTGGC ACGTTGGATGGGACAGAAGCCAGTTAGATG CAGTTTCTCAGGCGA

rs2746414 32029189 Coding sequence ACGTTGGATGGTTTTCTTCCAGGAAGCCTC ACGTTGGATGAGCCCAGCACTTGCTTTCTC TCCATCTCAAAGGCAA

rs149898426 32029352 intron ACGTTGGATGCAACAACCTCATGGCAATGG ACGTTGGATGCACTCAGGGATCCTAAGGTC GCTCACTGCCAGAGC

TABLE 2 | Comparison of genotype and allele distribution of 6 SNPs of C3 and C4 gene between FEP and HC.

Makers/gene Genotype
N (Freq.)

Chi-
square
(df = 2)

p-Value HWE P Allele
N
(freq.)

Chi-
square
(df = 1)

p-
Value

OR
(95%
CI)

rs11569562/C3 A/A A/G G/G NA A G

FEP 54 (0.298) 89 (0.492) 38 (0.210) 4.325 0.114 0.905 197
(0.544)

165
(0.456)

3.886 0.048a 0.751
(0.566–
0.999)

HC 43 (0.211) 107 (0.525) 54 (0.265) 0.457 193
(0.473)

215
(0.527)

rs2277983/C3 A/A A/G G/G A G

FEP 54 (0.298) 90 (0.497) 37 (0.204) 4.484 0.106 0.964 198
(0.547)

164
(0.453)

4.199 0.040a 0.743
(0.559–
0.987)

HC 43 (0.212) 106 (0.522) 54 (0.266) 1 0.499 192
(0.473)

214
(0.527)

rs1389623/C3 A/A A/G G/G A G

FEP 3 (0.017) 41 (0.227) 137 (0.757) 0.178 0.915 0.973 47
(0.130)

315
(0.870)

0.040 0.841 1.044
(0.683–
1.596)

HC 4 (0.020) 43 (0.211) 157 (0.767) 0.603 51
(0.125)

357
(0.875)

rs406658/C4 A/A A/C C/C A C

FEP 1 (0.006) 33 (0.189) 141 (0.806) 6 1.939 0.379 0.529 35
(0.100)

315
(0.900)

1.480 0.224 0.736
(0.468–
1.158)

HC 3 (0.015) 47 (0.233) 152 (0.752) 2 0.769 53
(0.131)

351
(0.869)

rs2746414/C4 A/A A/G G/G A G

FEP 0 (0) 29 (0.160) 152 (0.840) 1.977 0.372 0.241 29
(0.080)

333
(0.920)

0.479 0.489 0.811
(0.490–
1.341)

HC 2 (0.001) 35 (0.174) 164 (0.816) 3 0.931 39
(0.097)

363
(0.903)

rs149898426/C4 C/C C/G G/G C G

FEP 0 (0) 28 (0.156) 152 (0.844) 1 7.775 0.021a 0.258 28
(0.078)

332
(0.922)

6.344 0.012b 0.527
(0.325–
0.853)

HC 3 (0.016) 47 (0.245) 142 (0.740) 12 0.690 53
(0.138)

331
(0.862)

FEP, first-episode psychosis; HC, healthy control; Freq., frequencies; HWE P, The p-value for Hardy-Weinberg equilibrium tests; OR, odds ratio; CI, confidence interval;
NA indicates a missing value.
aDenotes a significant association (P < 0.05).
bDenotes a significant association after Bonferroni adjustment (P < 0.05/3 = 0.017).
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Measurement of Complement Protein
Serum C3 and C4 levels were measured using the turbidimetric
inhibition immunoassay in an automatic chemistry analyzer,
ROCHE (Roche Molecular Systems, Inc., Basel, Switzerland)
module Cobas 8000 (C702). The assays were performed strictly
by the manufacturer’s recommended protocol. All samples were
analyzed in duplicates and the mean of the two measurements
was used in the analysis.

Statistical Analyses
Pairwise linkage disequilibrium (LD), haplotype construction,
and genetic association analysis were performed by using
Haploview 4.2 software2. Deviation of the genotype and allele
frequency from the Hardy–Weinberg equilibrium were analyzed
using a chi-square goodness-of-fit test. We conducted t-tests
and a univariate analysis of covariance (ANCOVA) to examine
the difference of serum complement protein levels (C3 and
C4) between FEP and HC, considering that age and sex may
affect serum complement protein levels. A two-way analysis of
variance (ANOVA) was used to explore the interaction effects of
group and genotype. Post hoc analyses were performed using a
Tukey test. When the result from F-test was marginal significant
(0.05 < p < 0.1), we would conduct a meta-analysis of the SNP
for case group and control group to increase the statistical power.
Statistical analyses were performed using R statistical software3.
Data were expressed as the mean ± standard deviation (SD)
or as number (proportion). Results were considered nominally
significant at p < 0.05 (two-tailed). Multiple testing adjustment
will be controlled via Bonferroni adjustment for comparison of
genotype and allele distribution for C3 and C4 gene. P < 0.05/3
was considered as significant for the reason that the total number
of independence tests (excluding LD) was 3 for all 6 SNPs
across two genes.

RESULTS

Single Polymorphism Analysis
We observed no association of rs11569562, rs1389623, s406658,
and rs2746414 polymorphism with schizophrenia for genotypes
and alleles. There were two nominally significant associations
between rs11569562 (p = 0.048) and rs2277983 (p = 0.040) alleles
distributions and schizophrenia but no association between
genotypes and schizophrenia. The genotypes (p = 0.0205) and
alleles (p = 0.012 < 0.05/3) of rs149898426 were significantly
different between FEP and HC. The genotypes and alleles
frequencies of each polymorphism were presented in Table 2.

Haplotype-Based Association Analysis
The LD map and block structures of C3 and C4 polymorphisms
were shown in Figure 1. A haplotype block of C3 was constructed
by rs11569562, rs2277983, and rs1389623: GGG haplotype
was significantly associated with schizophrenia (χ2 = 3.922,
p = 0.048); while after 10,000 times of permutation tests, the

2http://www.broadinstitute.org/haploview/
3https://www.r-project.org

FIGURE 1 | The pairwise linkage disequilibrium (LD) analysis was applied to
detect the inter-marker relationship of the three SNPs at the C3 and C4 gene
receptively, by using the D’ values. According to the D’ values in this figure, (A)
three SNPs constructed into one haplotype block in C3 gene. (B) No
haplotype block was detected in C4 gene.

difference of haplotype GGG frequencies between FEP and
HC were not significant (empirical p-value was 0.104) (see
details in Table 3 and Figure 1A). No haplotype blocks were
found in C4 gene (Figure 1B).

Complement Protein Levels
One sample testing C3 protein levels was excluded for being three
SDs above the mean. The serum C3 protein levels (mean ± SD)
in cases and controls were 1.18 ± 0.22 and 1.07 ± 0.20 g/L; the
serum C4 protein levels (mean ± SD) in cases and controls were
0.28 ± 0.08 and 0.25 ± 0.08 g/L, respectively. T-tests showed
that FEP had higher serum C3 (t = 5.11, p < 0.001, Cohen’s
d = 0.52) and C4 (t = 4.21, p < 0.001, Cohen’s d = 0.44) protein
levels than HC (Figures 2A,B). Although the differences of
serum C3 and C4 protein levels were not significant considering
age and sex in cases and controls, respectively (see details in
Table 4), age- and sex-adjusted comparisons were performed
with ANCOVA: the differences of serum C3 (F = 26.55, p< 0.001,
η2 = 0.065) and C4 (F = 18.27, p < 0.001, η2 = 0.046) protein
levels remained significant.

TABLE 3 | Comparison of haplotype frequencies at the C3 gene
between FEP and HC.

Haplotypes Freq. case Freq. control Chi-square p-Value Empirical
p-Value

Block (rs11569562–rs2277983–rs1389623)

GGG 0.524 0.452 3.922 0.048 0.104

AAG 0.351 0.415 3.320 0.069 0.158

AAA 0.125 0.129 0.092 0.761 1.000

FEP, first-episode psychosis; HC, healthy control; Freq., frequency. Haplotypes with
frequency < 0.01 in FEP and HC were dropped. Empirical p-value: the p-value of
the permutation tests (number of iterations, 10,000).
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FIGURE 2 | (A) Serum C3 protein levels between FEP and HC. (B) Serum C4 protein levels between FEP and HC. Data were analyzed by Student’s t-tests.
(C) Serum C4 levels among the genotypes of rs149898426 (CG and GG) in FEP and HC receptively. Data were analyzed by a two-way ANOVA with Tukey post hoc
tests. Data shown in the figure represent mean ± SEM. **P < 0.01; ***P < 0.001; n.s.: non-significant. (D) A meta-analysis of the genotypes of rs1389623 on serum
C3 levels.

TABLE 4 | Subgroups of serum C3 and C4 levels according to sex and
clinical information.

Group Sex N Mean ± SD (g/L) P

C3 FEP Male 94 1.16 ± 0.24 0.44

Female 86 1.20 ± 0.20

HC Male 96 1.07 ± 0.22 0.77

Female 108 1.08 ± 0.19

C4 FEP Male 94 0.28 ± 0.09 0.45

Female 87 0.27 ± 0.07

HC Male 96 0.24 ± 0.08 0.68

Female 108 0.24 ± 0.07

FEP, first-episode psychosis; HC, healthy control. One sample information (C3 for
Female in cases) was lost for technical errors.

SNP-Group Interactions in Complement
Proteins
Serum C3 and C4 protein levels of individual genotypes
were evaluated between the case and control groups using
two-way ANOVAs. We found that the interaction effects of
group (FEP vs. HC) and rs1389623 were marginal significant
(F = 2.81, p = 0.062, partial η2 = 0.015) on serum C3 levels
(see Supplementary Tables 1–2). A meta-analysis showed that
rs1389623 polymorphism were associated with elevated serum
C3 levels (Z = 4.83, p < 0.001) (see details in Figure 2C). There
was no interaction effect between other genotypes and group
on serum C3 protein levels (see Supplementary Tables 3–6).
Besides, we excluded all CC genotypes in a two-way ANOVAs

(group: FEP, HC × rs149898426 polymorphisms: CG, GG) on
C4 protein levels, for the reason that there were three subjects
with CC genotypes in HC and no subject in FEP. The interaction
effects of group and rs149898426 were significant (F = 7.33,
p = 0.007, partial η2 = 0.02) (see Supplementary Tables 7–8).
Post hoc tests found that FEP who carry the CG genotypes of
rs149898426 had higher serum C4 protein levels than the patients
who carry the GG genotypes (t = 3.34, ptukey = 0.005) while HC
not (t = −0.198, ptukey = 0.997) (Figure 2D). No other interaction
of genotypes and group was significant in serum C4 protein levels
(see Supplementary Tables 9–12).

DISCUSSION

The present study confirmed that complement system
overactivated in FEP, which were correlated with genetic
factors. We observed that FEP had higher serum C3 and C4
protein levels than HC, suggesting that aberrant expression
of complement proteins may be potential biomarkers for
schizophrenia; C4 polymorphism affected serum C4 protein
levels in FEP but not in HC, suggesting that genotype may be
considered as an important risk factor for the development
of schizophrenia.

The first finding was that FEP had increased serum C3 and
C4 protein levels compared with HC. The results replicated
many previous findings in schizophrenia (Maes et al., 1997)
and extended to patients that were not FEP. But two other
studies had no similar findings in FEP (Kopczynska et al., 2019;
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Laskaris et al., 2019). One possible reason is that the sample size
may not be sufficient to reach the statistical differences; both
studies had lower sample sizes than our study. Another potential
cause for this divergence of outcomes is race or ethnicity. In
our study, study participants are limited to the Chinese Han
population, while various racial groups were involved in other
studies. However, one study pointed that individuals at ultra-high
risk (UHR) for psychosis had elevated C3 and C4 protein levels
(Laskaris et al., 2019), suggesting that alteration of complement
system accompanied the development of schizophrenia. These
results should be considered exploratory and further studies with
larger cohorts would be required to confirm results.

To our knowledge, this is the first survey that compares
serum C3 and C4 levels with their SNP in FEP of the China
Han population. Two recent papers investigated the roles of C3
polymorphism in susceptibility to schizophrenia in the China
Han population (Ni et al., 2015; Zhang et al., 2018). Although
SNP rs11569562 in C3 was not associated with schizophrenia
in the Chinese Han population (Zhang et al., 2018) consisting
of 1086 patients with schizophrenia and 1154 HCs, patients
with all genotypes of rs11569562 have higher serum C3 levels
than the controls similar to our study. Other studies using
expression quantitative trait locus (eQTL) analysis revealed that
rs2277984, which is adjacent to rs2277983 in our study, regulates
C3 expression in the liver (Zhang et al., 2017), suggesting that
SNPs in the C3 gene affected the expression of C3 genes to further
impact the C3 protein translation. Similarly, one study found that
in the region near C4 of chromosome 6, the more strongly an SNP
associated with schizophrenia, the more strongly it correlated
with predicted C4A expression (Sekar et al., 2016). In short, the
genotype of the complement gene had effects on its expression,
which concurs with our results.

The present study has a major limitation that the sample
size was small and may underpower the whole study in terms
of C3 and C4 genotype distribution. Therefore, our results
should be interpreted with caution. Further studies with larger
sample sizes will be required to achieve sufficient statistical power
and elucidate a potential link between complement system and
schizophrenia in China Han population.

CONCLUSION

Our results showed that first-episode psychosis had higher
serum C3 and C4 protein levels than healthy control. C4 gene
polymorphisms affected C4 protein levels in peripheral blood: the
FEP carrying CG genotypes of rs149898426 had higher serum
C4 protein levels than that of GG genotypes. The available
evidence that complement proteins were elevated in FEP and
polymorphisms of complement genes played a contributing role
in regulating peripheral complement proteins concentration.
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Predicting Complex Traits and
Exposures From Polygenic Scores
and Blood and Buccal DNA
Methylation Profiles
Veronika V. Odintsova 1*† Valerie Rebattu 1†, Fiona A. Hagenbeek 1, René Pool 1,

Jeffrey J. Beck 2, Erik A. Ehli 2, Catharina E. M. van Beijsterveldt 1, Lannie Ligthart 1,

Gonneke Willemsen 1, Eco J. C. de Geus 1, Jouke-Jan Hottenga 1, Dorret I. Boomsma 1and

Jenny van Dongen 1* on behalf of BIOS consortium ‡

1Department of Biological Psychology, Amsterdam Public Health Research Institute, Vrije Universiteit Amsterdam,

Amsterdam, Netherlands, 2 Avera Institute for Human Genetics, Sioux Falls, SD, United States

We examined the performance of methylation scores (MS) and polygenic scores (PGS)

for birth weight, BMI, prenatal maternal smoking exposure, and smoking status to assess

the extent to which MS could predict these traits and exposures over and above the PGS

in a multi-omics prediction model. MS may be seen as the epigenetic equivalent of PGS,

but because of their dynamic nature and sensitivity of non-genetic exposures may add

to complex trait prediction independently of PGS. MS and PGS were calculated based

on genotype data and DNA-methylation data in blood samples from adults (Illumina

450K; N = 2,431; mean age 35.6) and in buccal samples from children (Illumina EPIC;

N = 1,128; mean age 9.6) from the Netherlands Twin Register. Weights to construct the

scores were obtained from results of large epigenome-wide association studies (EWASs)

based on whole blood or cord blood methylation data and genome-wide association

studies (GWASs). In adults, MSs in blood predicted independently from PGSs, and

outperformed PGSs for BMI, prenatal maternal smoking, and smoking status, but not

for birth weight. The largest amount of variance explained by the multi-omics prediction

model was for current vs. never smoking (54.6%) of which 54.4% was captured by the

MS. The two predictors captured 16% of former vs. never smoking initiation variance

(MS:15.5%, PGS: 0.5%), 17.7% of prenatal maternal smoking variance (MS:16.9%,

PGS: 0.8%), 11.9% of BMI variance (MS: 6.4%, PGS 5.5%), and 1.9% of birth weight

variance (MS: 0.4%, PGS: 1.5%). In children, MSs in buccal samples did not show

independent predictive value. The largest amount of variance explained by the two

predictors was for prenatal maternal smoking (2.6%), where the MSs contributed 1.5%.

These results demonstrate that blood DNA MS in adults explain substantial variance in

current smoking, large variance in former smoking, prenatal smoking, and BMI, but not

in birth weight. Buccal cell DNA methylation scores have lower predictive value, which

could be due to different tissues in the EWAS discovery studies and target sample, as

well as to different ages. This study illustrates the value of combining polygenic scores

with information from methylation data for complex traits and exposure prediction.

Keywords: DNAmethylation, methylation scores, polygenic scores, multi-omics prediction, birth weight, maternal

smoking, BMI, smoking
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INTRODUCTION

Nearly all complex traits in humans are a function of their
genotype and of environmental exposures, as shown by family
and twin studies (1–3). DNA-based predictors of complex traits
can increasingly serve to improve prediction of health outcomes
and disease and to optimize risk stratification (4) and are also
considered for application in social sciences and education (5, 6).

Whereas, DNA-based predictors are static and solely capture
genomic information, other predictors such as those based on
epigenome data are dynamic and may capture both genetic and

environmental information.
Polygenic scores (PGS; sometimes referred to as Polygenic

Risk Scores) are defined as the weighted sum of an individual’s
risk alleles, or increasing alleles for a continuous trait, of a pre-
selected number of single nucleotide polymorphisms (SNPs).
In some areas of medicine, polygenic risk scores are already
beginning to be employed to predict individual risk of disease
(7–9). The PGS of an individual for a trait is calculated by
multiplying, for each SNP, the number of risk alleles by a weight
and then summing over all SNPs. Weights are typically estimated
in a regression analysis, from a genome-wide association study
(GWAS) for the trait from an independent discovery sample
(typically, a large GWAS meta-analysis), and are included in the
GWAS summary statistics (i.e., the estimated effect sizes, the
standard errors of the estimates and the corresponding p-values).

This polygenic type of approach can be generalized to other
omics data, including epigenomics where it results in DNA
methylation scores (MS) (10), which can be described as weighted
sums of the individual’s methylation levels of a selected number
of CpG sites. The individual’s methylation levels at each CpG
in an independent study population are multiplied by their
corresponding weights and summed over multiple sites. Here
the weights are based on summary statistics from a single
or a meta-analysis epigenome-wide association study (EWAS)
of the trait. By combining the effects of multiple CpG sites
into a MS, a larger proportion of variance in traits is likely
be explained compared to the variance that is captured by
individual CpG sites. In addition to their value for prediction
of complex traits and disease risk, MSs could potentially be
informative as biomarkers for environmental exposures (11) or
to monitor disease progression, and might be considered in
association analyses in which individual CpG sites do not achieve
significance or as a dimension reduction approach in interaction
and mediation analyses (12, 13).

The number of genetic variants and CpG sites associated
with complex traits is growing based on findings from GWAS
and EWAS meta-analyses. Birth weight was associated with 60
independent signals in a multi-ancestry GWA meta-analysis,
capturing up to 4.9% of the variance in birth weight in
different cohorts (14), and with 914 epigenome-wide Bonferroni-
significant CpGs in an EWAS meta-analysis of multiple birth
cohorts with cord blood DNA methylation data (15). Body
mass index (BMI) was associated with 751 SNPs in adults in
the currently largest European ancestry GWAS meta-analysis,
capturing ∼6% of the BMI variance (16). The currently largest
EWAS meta-analysis of BMI based on whole blood from adults

identified association with 278 Bonferroni-significant CpGs (12).
Smoking initiation was associated with 566 genetic variants in
a GWAS of more than one million individuals, capturing 3.6
and 4.2% of the variance in the trait in prediction cohorts
(17). A large EWAS meta-analysis of smoking identified 18,760
CpGs significantly differentially methylated in relation to current
smoking in adults at a false discovery rate (FDR) of 5% from the
Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) consortium, and 2,623 FDR significant CpGs in
association with former smoking (18). EWAS meta-analyses
conducted in newborns using cord blood DNA methylation data
identified 6,073 CpGs with FDR significance in association with
prenatal maternal smoking (19).

Attempting to capture the DNA methylation differences,
previous studies have developed polygenic methylation
predictors. We extensively reviewed the literature on studies
that report methylation predictors as single MS and studies that
examined the combined predictive value of MS and PGS (see
Supplementary Table 1). Taking the results from EWASs into
independent target samples in whichMSs are defined, has yielded
promising results for birth weight (20), BMI (20–22), prenatal
maternal smoking (23, 24), and smoking status (11, 23, 25–28).
Reed et al. (20) computed MSs for birth weight based on the
135 CpGs from an adult BMI EWAS in the Framingham Heart
Study and Lothian Birth cohorts (N = 3,743) (29). These scores
captured 2% of birth weight variation in 823 ALSPAC newborns
with DNA methylation data in cord blood, which was higher
than the variance captured by a PGS (0.4%). Several studies
created whole blood DNA MSs of BMI and made predictions in
children and adults. MSs based on 78 probes from 2,377 adults
of the Framingham Heart Study and weights (effect sizes) from
750 adults of the LifeLines DEEP study explained 11% of the
variance in BMI in 1,366 adults from Lothian Birth cohorts and
5% of BMI variance in 403 adolescents from Brisbane Systems
Genetic Study (BSGS) (21). MSs based on 400 CpGs from 2,562
Generation Scotland participants explained 10% of BMI variance
in 892 adults from Lothian Birth cohort (22). MSs based on 135
probes from 3,742 adults from both Framingham Heart Study
and Lothian Birth cohorts explained 10% of BMI variance in 726
ALSPAC women and up to 3% of BMI variance in children at
different ages (20). It has been shown that MS for BMI perform
better in adults compared to children and adolescents (20, 21).
Attempts of cross-tissue performance testing were scarce (25, 30),
however, it have been shown that some alterations persist across
tissue types (31).

For prenatal maternal smoking, MS based on weights from
cord blood DNA methylation EWASs of 1,057 newborns from
Norwegian Mother and Child Cohort Study (MoBa) was tested
on another MoBa subset of 221 newborns (24), and MS based
on weights from cord blood DNA methylation EWAS meta-
analysis of 6,685 newborns done by Joubert and colleagues
(19) was tested on 754 ALSPAC women around 30 years old
(23); the predictive accuracy (the amount of variation in the
outcome explained by the score) was lower in women than in
newborns. Smoking predictors have been described based on
different numbers of probes from whole blood DNAmethylation
studies. Only 2 CpGs were included the smoking MS of Zhang
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TABLE 1 | Discovery epigenome-wide and genome-wide association studies that provided the summary statistics to calculate DNA methylation scores and polygenic

scores.

Trait/Exposure References Phenotype in Discovery

Study—DNA methylation

Tissue

N discovery cohort

used to create scores

N CpGs/SNPs reported at

significant level in

reference

EWAS

Birth weight Küpers et al. (15) Birth weight—Cord blood 8,825 newborns 914 (Bonferroni)

BMI Wahl et al. (12) BMI—Whole blood 5,387 adults 278 (Bonferroni)

Prenatal maternal smoking Sidkar et al. (51)* Prenatal maternal

smoking—Cord blood

4,994 newborns (897

exposed to sustained

prenatal smoking)

5,547 (FDR <0.05)

Smoking Sidkar et al. (51)* Current vs. never

smoked—Whole blood

9,389 adults (2,433 current

smokers)

34,541 (FDR <0.05)

Joehanes et al. (18) Former vs. never

smoked—Whole blood

13,474 adults (6,518 former

smokers)

2,623 (FDR <0.05)

GWAS

Birth weight http://www.nealelab.is/uk-

biobank/

Birth weight 280,250 (UK biobank) not published

BMI Yengo et al. (16) BMI ∼700,000 individuals of

different ancestry

652,099** were used in our

study for calculation of PGS

941

Prenatal maternal smoking UK Biobank

http://www.nealelab.is/uk-

biobank/

Maternal smoking around

birth

331,862 (UK Biobank) Not published

Smoking Liu et al. (17) Smoking initiation

(ever/never smoked)

Up to 1.2 million individuals

in discovery study

625,536** used in our study

for PGS

566

EWAS, Epigenome-wide association study; GWAS, Genome-wide association study; FDR, False Discovery Rate.

*Sikdar et al. (51) repeated the meta-analysis by Joubert et al. (2016) (EWAS in newborns) and Joehanes et al. (18) (EWAS in never vs. current smokers), and provided full genome-wide

summary statistics for a fixed-effects meta-analysis of maternal smoking in newborns (cord blood) and for current vs. never smokers (whole blood).

**NTR and 23andMe are excluded. For additional details, For additional details, see Supplementary Tables 2, 3.

et al. that predicted smoking status in 9,949 older adults (28).
The largest smoking MSs included 2,623 Bonferroni significant
CpGs from EWAS meta-analysis of 15,907 individuals (18) and
predicted smoking status during pregnancy in 754 women by
Richmond et al. (23). The same CpGs were used by Sugden et al.
(11) to predict smoking status in 1,037 adults from the Dunedin
Longitudinal Study and 2,232 twins from the Environmental Risk
Longitudinal Study.

Despite the growing number of cohorts that have both
genomic and methylation data, few attempts have been made
to combine PGS and MS in a multi-omics model. To the
best of our knowledge, BMI, and height are currently the only
traits for which the prediction by PGS and MS combined has
been investigated (21, 22). In a combined model, the PGS and
MS together explained 17% of the variance in BMI in 1,366
adults (21) and 18% in 889 adults (22), both from the Lothian
Birth cohorts, 13–16% in 750 adults from Lifelines and 8%
in adolescents from the Brisbane Systems Genetic Study (21),
corresponding to an added ∼4–9% extra variance explained
compared to the PGS alone.

We expand on the previous work by addressing several points.
First, it is largely unknown to what extent MS based on EWAS

weights derived in adults predict trait variation in children and
vice versa. Second, previous studies of MS were based on cord
blood or whole blood, and it is unknown if these scores translate
to other tissues. Third, for all traits, except BMI and height (20,
21), it is unknown whether MS add to prediction independently
of PGS.

In the current biomarker study, we analyze the predictive
accuracy of PGS and MS (both individually and combined). The
goal of our study is to examine if the MSs add predictive value
above the PGSs. The weights required for DNA methylation
data were obtained large EWAS and applied to methylation
levels from two different tissues (blood and buccal). We analyze
data from large groups of adults with DNA methylation in
blood (N = 2,431, mean age = 35.6) and children with
DNA methylation in buccal cells (N = 1,128, mean age =

9.6) who participate in research projects of the Netherlands
Twin Register and consider multiple traits. For an early-
life trait we analyze birth weight, and for a trait that is
dynamic in childhood and adulthood, we analyze BMI. As
early and later life exposures we examine prenatal maternal
smoking during pregnancy and own smoking. These four
phenotypes represent complex traits and exposures with different
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relative contributions of genetics and environment to inter-
individual variance.

MATERIALS AND METHODS

Overview
This study included adults and children who participated in
studies from the Netherlands Twin Register (NTR). DNA
samples in adult twins and family members were isolated from
whole blood DNA data and in twin children from buccal cells.
Adults took part in the NTR-Biobank (32) and children in
the FP7-Action project (33–36). The study was approved by
the Central Ethics Committee on Research Involving Human
Subjects of the VU University Medical Centre, Amsterdam, an
Institutional Review Board certified by the U.S. Office of Human
Research Protections (IRB number IRB00002991 under Federal-
wide Assurance FWA00017598; IRB/institute codes, NTR 03-
180). Adults provided written informed consent, for children
consent was given by their parents.

Adults
Study Population and Samples
After quality control, genome-wide DNA methylation profiles
in whole blood and genotype data were available for 2,431
NTR adults (37). This dataset included 2,426 individuals from
twin pairs, and 5 family members (mothers and spouses).
The mean age at DNA collection was 35.6 years (range =

17.6–79.2 years) and 32.7% of subjects were males. For 20
participants, longitudinal methylation data (methylation data at
two time points) were available. Individuals with missing data on
phenotypes or covariates, and phenotype outliers were excluded
from analysis, resulting in a sample size of 2,040 for birth weight,
2,410 for BMI, 1,914 for current vs. never smoking, and 1,938 for
former vs. never smoking. Because prenatal maternal smoking
exposure is equal for co-twins, one twin from each pair was
randomly included in the analysis, resulting in a sample size
of 720. The blood sampling procedure has been described by
Willemsen et al. (32).

DNA Methylation
DNA methylation in blood was assessed with the Infinium
HumanMethylation450 BeadChip Kit (Illumina, San Diego, CA,
USA) by theHumanGenotyping facility (HugeF) of ErasmusMC,
the Netherlands (http://www.glimdna.org/) as part of the
Biobank-based Integrative Omics Study (BIOS) consortium (38).
DNAmethylation measurements have been described previously
(37, 38). Genomic DNA (500 ng) from whole blood was bisulfite
treated using the Zymo EZDNAMethylation kit (Zymo Research
Corp, Irvine, CA, USA), 12 µl of buffer was utilized to elute
the converted DNA off the column after conversion, and 4 µl
(∼33 ng/µl) of bisulfite-converted DNA was measured on the
Illumina 450K array following the manufacturer’s protocol. A
number of sample- and probe-level quality checks and sample
identity checks were performed, as described in detail previously
(37). In short, sample-level QC was performed using MethylAid
(39). Probes were set to missing in a sample if they had an
intensity value of exactly zero, or a detection p > 0.01, or a bead

count of <3. After these steps, probes that failed based on the
above criteria in >5% of the samples were excluded from all
samples (only probes with a success rate ≥0.95 were retained).
For all samples, ambiguously mapped probes were excluded,
based on the definition of an overlap of at least 47 bases per
probe from Chen et al. (40), and all probes containing a SNP,
identified in the Dutch population (41), within the CpG site
(at the C or G position) were excluded, irrespective of minor
allele frequency. Only autosomal sites were kept in the current
analyses (N = 411,169). The methylation data were normalized
with functional normalization (42). Probes with missing values
(probes with missing values in more than 5% of the sample
were removed) were imputed with the function imputePCA
from the package missMDA as implemented in the pipeline for
DNAmethylation array analysis developed by the Biobank-based
Integrative Omics Study (BIOS) consortium (43).

Phenotyping
Data on birth weight were obtained from self-report or by
parental report. If data were available from multiple surveys by
Adult Netherlands Twin Register (ANTR) and/or informants,
they were checked for consistency (44). When multiple data
points differed by <200 g, the average was taken, and in the
cases of larger differences, data were excluded. Information on
maternal smoking during pregnancy was obtained in ANTR
Survey 10 (data collection in 2013) with the following question:
“Did your mother ever smoke during pregnancy?” Answer
categories were “no,” “yes,” and “I don’t know.” For twin pairs,
the answers were checked for consistency and missing data for
one twin were supplemented with data from the co-twin where
possible. In the case of inconsistent answers, the data from both
co-twins were set to missing. If both twins answered “I don’t
know,” the variable was coded as missing. Data on body mass
index (BMI) and smoking status were collected at blood draw
(32). We analyzed two smoking phenotypes: current smokers
(1) vs. never smokers (0), and former smokers (1) vs. never
smokers (0). The percentage of white blood cell was obtained in
fresh blood samples collected in EDTA (Ethylene Diamine Tetra
Acetic acid) tubes (45). For birth weight and BMI, we removed
outliers using a cut-off of 3 standard deviations from the mean.
For birth weight, 6 outliers were removed; for BMI, 27 outliers
were removed.

Children
Study Population and Samples
Genotype data and genome-wide DNA methylation profiles
in buccal cells were collected in a children that participated
in a larger project on childhood aggression “Aggression in
Children: Unraveling gene-environment interplay to inform
Treatment and InterventiON strategies” (ACTION; http://www.
action-euproject.eu/) and consists of twins who score high or
low on aggression (33–36). After quality control, genome-wide
DNAmethylation data and genotype data were available for 1,128
children from twin pairs (mainly monozygotic twins). The mean
age at DNA collection was 9.6 years (range = 5.6–12.9 years)
and 52.8% were males. For 2 participants, a technical replicate
measure on with the Infinium MethylationEPIC BeadChip
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Kit was included (36). Individuals without missing data on
phenotypes or covariates were included in the analyses, and
phenotype outliers were excluded, resulting in a sample size
of 1,070 children for birth weight and 1,072 for BMI. Because
prenatal maternal smoking exposure is equal for co-twins, one
twin from each pair was randomly included in the analysis,
resulting in a sample size of 547. The sample collection
protocol is available at: http://www.action-euproject.eu/content/
data-protocols. DNA was collected from buccal swabs at home:
16 cotton sticks were individually rubbed against the inside
of the cheek in the morning and evening on 2 days by the
participants and placed in buffer. Individuals were asked to
refrain from eating or drinking 1 h prior to sampling. High
molecular weight genomic DNA was extracted from the swabs
by standard DNA extraction techniques and visualized using
agarose gel electrophoresis. The DNA samples were quantified
using the Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher
Scientific, Waltham, MA, USA).

DNA Methylation
DNA methylation was assessed with the Infinium
MethylationEPIC BeadChip Kit (Illumina, San Diego, CA, USA)
by the Human Genotyping facility (HugeF) of ErasmusMC, the
Netherlands (http://www.glimdna.org/) [see van Dongen et al.
(36)]. Quality control (QC) and normalization of the methylation
data were performed using a pipeline developed by the Biobank-
based Integrative Omics Study (BIOS) consortium (43), which
includes sample quality control using the R package MethylAid
(39) and probe filtering and functional normalization (42) as
implemented in the R package DNAmArray. The following
probe filters were applied: probes were set to missing (NA) in a
sample if they had an intensity value of exactly zero, detection
P > 0.01, or bead count < 3; probes were excluded from all
samples if they mapped to multiple locations in the genome, if
they overlapped with a SNP or Insertion/Deletion (INDEL), or
if they had a success rate < 0.95 across samples. Annotations
of ambiguous mapping probes (based on an overlap of at least
47 bases per probe) and probes where genetic variants (SNPs
or INDELS) with a minor allele frequency > 0.01 in Europeans
overlap with the targeted CpG or single base extension site (SBE)
were obtained from Pidsley et al. (46). For two twins, a technical
replicate measure on EPIC was obtained (on different BeadChip
Arrays). Probes with missing values (probes with missing values
in more than 5% of the sample were removed) were imputed
with the function imputePCA from the package missMDA as
implemented in the pipeline for DNA methylation array analysis
developed by the BIOS consortium (43).

Phenotyping
Data on birth weight of the young twins came from surveys
sent to mothers shortly after the registration of the newborn
twins (47). Data on BMI were collected from surveys filled
out by mothers and fathers in the Young Netherlands Twin
Register (YNTR) when children were around 5, 7, 10, and 12
years of age. If both parents completed the survey, preference
was given to data provided by the mother. BMI closest to the
date of DNA collection was selected. The average time between

DNA collection and BMI assessment was 1.9 years before the
survey (median = −0.9, range: from buccal sample collection
10.3 years before survey to buccal sample collection 2.1 years after
survey). Information on maternal smoking during pregnancy
was reported by mothers after registration for three trimesters of
pregnancy andwas coded as “non-smoking” if themother did not
smoke during the entire pregnancy and “smoking” if the mother
smoked at least during one trimester (48). For birth weight and
BMI, we removed outliers using a cut-off of 3 standard deviations
from the mean. For birth weight, 1 outlier was removed; for BMI,
12 outliers were removed.

Cellular proportions were predicted with hierarchical
epigenetic dissection of intra-sample-heterogeneity (HepiDISH)
with the RPC method (reduced partial correlation), as described
by Zheng et al. (49) and implemented in the R package
HepiDISH. HepiDISH is a cell-type deconvolution algorithm
developed for estimating cellular proportions in epithelial tissues
based on genome-wide methylation profiles and makes use of
reference DNAmethylation data from epithelial cells, fibroblasts,
and seven leukocyte subtypes. This method was applied to the
data after data QC and normalization.

Genotyping
Genotyping in children (YNTR) and adults (ANTR) was done
on multiple platforms over time including Perlegen-Affymetrix,
Affymetrix 6.0, Affymetrix Axiom, Illumina Human Quad Bead
660, Illumina Omni 1M and Illumina GSA. Quality control
and processing of the genotype data was performed on the
complete dataset of all genotyped participants from the NTR.
Quality control was carried out and haplotypes were estimated
in PLINK. CEU population outliers, based on per platform
1000 Genomes PC projection with the Smartpca software (50),
were excluded. Data were phased per platform using Eagle, and
then imputed to 1000 Genomes using Minimac, following the
Michigan imputation server protocols. For the polygenic scoring
imputed data were converted to best guess genotypes, and filtered
to include only ACGT SNPs, SNPs with MAF > 0.01, HWE p >

10−5 and genotype call rate > 0.98, and exclude SNPs with more
than 2 alleles. All Mendelian errors were set to missing. Principal
components (PCs) were calculated with Smartpca using linkage-
disequilibrium-pruned (LD-pruned) 1000 Genomes–imputed
SNPs that were also genotyped on at least one platform, hadMAF
> 0.05 and were not present in the long-range LD regions.

Statistical Methods
EWAS and GWAS Summary Statistics
MSs and PGSs were created using weights based on large
epigenome-wide association study (EWAS) and genome-wide
association study (GWAS) meta-analyses. These studies are
summarized in Table 1. Additional information on the studies
and derived scores is provided in Supplementary Tables 2, 3.

DNA Methylation Scores
The effect sizes obtained from the summary statistics

from previously published EWAS meta-analyses (Table 1,
Supplementary Table 2) were used to calculate weighted MSs
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in NTR participants as previously done by Sugden et al. (11),

Wahl et al. (12), Shah et al. (21), Richmond et al. (23), and Elliott
et al. (26). For each trait and for each individual, a score was

calculated by multiplying the methylation level at a given CpG

by the previously reported effect size of the CpG (β), and then

summing these values over all CpGs:

DNA methylation score = β∗1CpG1 + β∗2CpG2 . . . .+ β∗i CpGi

where CpGi is the methylation level at CpG site i, which ranges
between 0 and 1, and βi is the effect size (regression coefficient)
at the CpGi obtained from summary statistics of EWAS meta-
analyses that did not include participants from the NTR.

For each phenotype, except for former smoking, we calculated
multiple MSs based on different subsets of CpGs according to
their significance level. Subsets of CpGs were selected based on
p-value thresholds of <1 × 10−1, <1 × 10−5, and <1 × 10−7.
For former vs. never smoking, genome-wide summary statistics
were not available, and we calculated MSs for former smoking
based on CpGs that were significant in the EWAS of former vs.
never smokers at a False Discovery Rate of 5%. Additionally, we
tested prediction of former smoking based on the MSs derived
from the genome-wide EWAS summary statistics of current vs.
never smoking. To examine if removal of CpGs with correlated
DNAmethylation levels affects trait prediction, we also calculated
pruned scores by step-wise selection of the most significant CpG
site and excluding CpG sites with a correlation of 0.1 or higher
[threshold chosen based on Shah et al. (21)] in order to keep an
independent set of CpGs.

Polygenic Scores
Polygenic scores (PGSs) were calculated based on weighting
of genotypes by effect sizes as made available from GWAS
summary statistics (see Table 1, Supplementary Table 3) in
discovery samples without NTR. Before calculating the PGSs,
linkage disequilibrium (LD) weighted β’s were calculated from
these summary statistics by the LDpred package to correct
for the effects of LD and to maximize predictive accuracy of
the PGSs (52). QC has been applied: MAF > 0.01, duplicated
SNPs, mismatching alleles, ambiguous SNPs were excluded. We
randomly selected 2,500 unrelated individuals from NTR as a
reference population to calculate the LD patterns. The adjusted
β’s were calculated from an LD pruning window of 250KB, with
the fraction of causal SNPs set at 0.01 for birth weight, because
this fraction was previously shown to perform optimally for
birth weight in the NTR population (53) and at 0.50 for other
phenotypes. The PGSs were obtained for all NTR participants
with genotyping data with the PLINK 1.9 software.

Statistical Analysis
Continuous traits, MSs and PGSs were z-score transformed
[trait value—trait mean/trait standard deviation] before analysis.
Pairwise Pearson correlations between each trait, MSs, PGSs, and
covariates were computed in NTR adults and children EWAS
datasets for each phenotype and visualized in correlation plots.
For each trait, we fitted a series of regression models to examine:

TABLE 2 | Characteristics: NTR adults and children.

Adults Children

DNA methylation tissue Whole blood Buccal cells

DNA methylation array Illumina 450 k Illumina EPIC

Sample size 2,431 1,128

Age, mean (sd) 35.6 (11.9) 9.6 (1.9)

Males, n (%) 794 (32.7%) 596 (52.8%)

Females, n (%) 1,637 (67.3%) 532 (47.2%)

Birth weight, mean (sd) 2,507.8 (573.7) 2,395.9 (544.1)

Missing 404 59

BMI, mean (sd) 24.1 (3.9) 16 (2.1)

Missing 14 46

Prenatal maternal smoking (no), n (%) 1,169 (90.1%) 921 (91.1%)

Prenatal maternal smoking (yes), n (%) 129 (9.9%) 90 (8.9%)

Missing 1,133 117

Never smokers, n (%) 1,395 (57.5%) NA

Former smokers, n (%) 527 (21.7%) NA

Current smokers, n (%) 506 (20.8%) NA

Missing 3 NA

Cell counts, mean (sd)

Neutrophil percentage 52.5 (9.1) NA

Eosinophil percentage 3.1 (2.3) NA

Monocyte percentage 8.4 (2.4) NA

Epithelial cell proportion NA 0.806 (0.116)

NK cell proportion NA 0.03 (0.013)

NTR, Netherlands Twin Register; sd, standard deviation; NA, not available; NK, natural

killer cells.

Descriptives are provided for covariates that were included as covariates in the

prediction models.

The number of samples with complete data on DNA methylation, cell counts, and

genotyping data are presented. For a small number of individuals, two samples are

included in the analysis in adults (n = 20) and children (n = 2).

(1) the predictive value of MSs; (2) the predictive value of a
PGS; and (3) whether MS and PGS contributed independently
to trait prediction in a combined predictor. First, for each trait,
we evaluated the performance of multiple different MSs based
on different p-value thresholds, pruned, and unpruned. We took
the score that explained the largest amount of variance forward
to the combined model. Second, we evaluated the performance
of PGS in prediction of each trait. Finally, we examined if MSs
predict these traits over and above the PGSs and estimated
how much variance in each trait was explained by multi-omics
predictor, e.g., by MSs and PGSs together. Sex and age at DNA
collection were included as covariates in all three models. In the
prediction models with whole blood DNA MSs, we corrected
for percentages of neutrophils, monocytes, and eosinophils. In
the prediction models with buccal DNA MSs, we corrected for
epithelial cell and natural killer cell proportions. To adjust for
technical variation, array row and bisulfite plate (dummy-coding)
were included as covariates in all models with EWAS covariates.
In models including PGSs, we corrected for genotype data-
specific covariates: the first ten genetic principal components and
genotype platform dummy variables (GWAS covariates).
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Continuous Traits

For birth weight and BMI, the following models were fitted in
each of the two datasets (whole blood methylation data from
adults and buccal methylation data from children):

Model 1: Trait∼MS+ sex+ age+ EWAS covariates
Model 2: Trait∼ PGS+ sex+ age+ GWAS covariates
Model 3: Trait ∼MS + PGS + sex + age + EWAS covariates
+ GWAS covariates

Analyses were carried out with generalized estimation equation
(GEE) models accounting for familial relatedness, fitted with
the R package “gee” with the following settings: Gaussian
link function for continuous data, 100 iterations, and the
“exchangeable” option to account for the correlation structure
within families. To calculate the variance explained by the MS
and the PGS, we squared the regression coefficient of each score
obtained in GEE. This value was multiplied by 100 to obtain the
percentage of variance explained.

Dichotomous Traits

For dichotomous traits, i.e., prenatal maternal smoking, current
vs. never smoking, and former vs. never smoking, the following
models were fitted in two datasets (whole blood methylation data
from adults and buccal methylation data from children):

Model 1a: Trait∼MS+ sex+ age+ EWAS covariates
Model 1b: Trait∼ sex+ age+ EWAS covariates
Model 2a: Trait∼ PGS+ sex+ age+ GWAS covariates
Model 2b: Trait∼ sex+ age+ GWAS covariates
Model 3a: Trait∼MS+ PGS+ sex+ age+ EWAS covariates
+ GWAS covariates
Model 3b: Trait ∼ PGS + sex + age + EWAS covariates +
GWAS covariates
Model 3c: Trait ∼ MS + sex + age + EWAS covariates +
GWAS covariates

To obtain the variance explained, models were fitted with
logistic regression with binomial family setting (link = “logit”).
Estimation of the variance explained by the MS and PGS, was
based on the approach proposed by Lee et al., where coefficients
of determination (R2) for binary responses are calculated on the
liability scale (54). R2 is equal to the explained variance divided
by the total variance; that is the sum of explained variance and
residual (homoscedastic) variance. We first regressed the trait on
the MS, sex, age and EWAS covariates (model 1a), and then on
sex, age, and EWAS covariates only (model 1b). We calculated
variance explained by all predictors in each model. We calculated
the predictive value of the MS by subtracting the difference
between the variance explained by the model 1a and 1b. The
same was done for models with PGS with sex, age, and GWAS
covariates (model 2a and 2b), and then for combined model with
both MS and PGS scores (models 3a-c). In the last case, the
difference between explained variance in model 3a and model 3b
gave us an estimate explained by MS, and the difference between
explained variance in model 3a and model 3c resulted in estimate
explained by PGS.

To correct for relatedness in smoking prediction, p-values
were obtained from GEE models, fitted with the R package

“gee,” with the binomial link function for dichotomous data,
100 iterations, and the “exchangeable” option to account for
the correlation structure within families. For prenatal smoking
exposure (yes/no) we randomly chose one of the twins from the
pair, and p-values were obtained from logistic regression models.

Sensitivity Analysis
We carried out a sensitivity analysis in which we repeated the
models for BMI prediction in children from MSs after removal
of children for whom information on BMI was collected more
than 3 years before or after DNA collection (N = 324 children
removed; new N= 748).

Multiple Testing Correction
Statistical significance was assessed following Bonferroni
correction for multiple testing (six tests in model 1 for birth
weight, BMI, prenatal maternal smoking and current smoking,
seven tests in model 1 for former smoking, one test in models
2 and 3 for each trait in adults; the same number of tests in
children except smoking status and plus eight tests in sensitivity
analysis for BMI). This resulted in a significance level of 0.0012
(α = 0.05/42) for adults and 0.0016 (α = 0.05/32) for children.

RESULTS

Characteristics of the NTR adult and children are presented
in Table 2. Distribution of the traits/exposures as main
outcomes and MSs and PGs as predictors are presented
in Supplementary Figures 1–3. Correlations between
trait/expoosure, PGS, MSs, sex, age, and cellular compositions
of the samples are shown in Supplementary Figures 4, 5. The
correlations between PGS and MSs for the same trait were
weak in adults (r = [0.01–0.15]) and children (r = [0.01–0.05]).
Further, we report the correlation between the PGS and the
MS that captured the largest amount of variation in the trait.
We examined prediction of each phenotype by its MS and PGS
separately. The explained variance and corresponding p-values
for unpruned and pruned MSs with different thresholds for
inclusion of CpGs are presented in Table 3, and for PGS in
Table 4. To examine to what extent the PGS and the MS capture
independent information, we fitted the model in which the
outcome was regressed on both scores as multi-omics prediction
presented in Table 5. Figure 1 shows the variance explained
by the MSs and PGSs separately and together as multi-omics
predictor in previous and our studies.

Birth Weight
The birthweight MSs were calculated based on the birthweight
EWAS of cord blood samples from neonates (15). The results of
GEE showed that none of the MSs was strongly associated with
birth weight in adults (p < 0.0012) and children (p < 0.0016).
The pruned blood MS based on 934 CpGs with a p-value lower
than 1 × 10−1 performed better in prediction of birth weight
in adults compared with unpruned and other threshold pruned
scores, accounting for 0.39% of the variance (p= 0.004) (Table 3,
Figure 1A). The PGS significantly predicted birth weight in
adults (variance explained by PGS = 1.52%, p = 1.56 × 10−7)
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TABLE 3 | Results of the methylation score prediction of birth weight, BMI, prenatal maternal smoking and current and former smoking.

Trait Group—DNA

methylation tissue

CpGs included in

MS

N CpGs βMS SEMS PMS MS R2 (%)

Birth weight Adults—Whole blood

(N = 2,040)

p < 10−1 72,570 0.044 0.029 0.127 0.192

p < 10−5 2,274 0.055 0.029 0.057 0.304

p < 10−7 963 0.049 0.027 0.074 0.238

p < 10−1 pruned** 934 0.062 0.022 0.004 0.386

p < 10−5 pruned 30 0.015 0.023 0.513 0.023

p < 10−7 pruned 18 0.025 0.023 0.277 0.064

Children—Buccal cells

(N = 1,070)

p < 10−1 72,205 −0.013 0.031 0.679 0.016

p < 10−5 2,249 0.031 0.032 0.344 0.094

p < 10−7** 958 0.038 0.032 0.237 0.141

p < 10−1 pruned 184 0.015 0.029 0.613 0.022

p < 10−5 pruned 13 0.016 0.032 0.613 0.025

p < 10−7 pruned 9 −0.005 0.033 0.882 0.002

BMI Adults—Whole blood

(N = 2,410)

p < 10−1 55,653 0.134 0.025 6.98 × 10−08* 1.786

p < 10−5 1,067 0.261 0.026 5.07 × 10−24* 6.822

p < 10−7** 412 0.277 0.026 9.79 × 10−27* 7.673

p < 10−1 pruned 671 0.124 0.021 3.14 × 10−09* 1.538

p < 10−5 pruned 13 0.220 0.023 1.70 × 10−22* 4.827

p < 10−7 pruned 6 0.206 0.023 7.50 × 10−20* 4.258

Children—Buccal cells

(N = 1,072)

p < 10−1 55,279 0.003 0.017 0.878 0.001

p < 10−5 1,079 −0.006 0.017 0.733 0.003

p < 10−7 422 −0.008 0.018 0.676 0.006

p < 10−1 pruned** 183 0.021 0.019 0.276 0.042

p < 10−5 pruned 13 0.005 0.019 0.772 0.003

p < 10−7 pruned 6 0.007 0.018 0.720 0.004

Prenatal maternal

smoking

Adults—Whole blood

(N = 720)

p < 10−1 76,531 0.761 0.168 5.83 × 10−06* 8.512

p < 10−5 1,581 0.946 0.140 1.51 × 10−11* 15.115

p < 10−7** 607 1.009 0.136 1.28 × 10−13* 17.277

p < 10−1 pruned 962 0.580 0.136 2.01 × 10−05* 7.076

p < 10−5 pruned 33 0.661 0.123 7.12 × 10−08* 6.820

p < 10−7 pruned 16 0.620 0.119 1.94 × 10−07* 5.963

Children—Buccal cells

(N = 547)

p < 10−1 76,146 −0.256 0.158 0.105 0.930

p < 10−5 1,571 −0.285 0.187 0.127 1.683

p < 10−7** 606 −0.304 0.183 0.096 2.223

p < 10−1 pruned 187 −0.125 0.153 0.416 0.386

p < 10−5 pruned 16 −0.096 0.164 0.559 0.149

p < 10−7 pruned 9 −0.120 0.161 0.456 0.274

Smoking current

vs. never

Adults—Whole blood

(N = 1,914)

p < 10−1 98,972 1.420 0.095 4.65 × 10−43* 20.974

p < 10−5 11,433 1.923 0.104 1.93 × 10−66* 40.086

p < 10−7 6,938 1.999 0.105 6.89 × 10−69* 44.449

p < 10−1 pruned 913 1.170 0.070 2.70 × 10−47* 27.626

p < 10−5 pruned 37 2.194 0.108 5.21 × 10−75* 56.237

p < 10−7 pruned** 24 2.245 0.111 1.25 × 10−73* 57.461

Smoking former

vs. never

Adults—Whole blood

(N = 1,938)

p < 10−1 from

current vs. never

smoking EWAS

98,972 0.429 0.085 6.63 × 10−07* 2.004

(Continued)
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TABLE 3 | Continued

Trait Group—DNA

methylation tissue

CpGs included in

MS

N CpGs βMS SEMS PMS MS R2 (%)

p < 10−5 from

current vs. never

smoking EWAS

11,433 0.689 0.086 2.73 × 10−15* 5.127

p < 10−7 from

current vs. never

smoking EWAS

6,938 0.758 0.086 3.37 × 10−18* 6.217

FDR significant

from Former vs.

Never Smoking

EWAS

2,568 0.935 0.088 3.56 × 10−24* 9.340

p < 10−1 pruned

from current vs.

never smoking

EWAS

913 0.499 0.066 3.38 × 10−13* 4.399

p < 10−5 pruned

from current vs.

never smoking

EWAS

37 1.186 0.087 6.64 × 10−36* 15.625

p < 10−7 pruned

from current vs.

never smoking

EWAS**

24 1.226 0.088 5.44 × 10−36* 16.316

FDR significant

from Former vs.

Never Smoking

EWAS, pruned

2,330 0.692 0.071 1.96 × 10−18* 7.569

β is the regression coefficient for each methylation score (MS) with standard error (SE) and p-value (P). MS R2 is the phenotypic variance explained by the MS.

* indicates p < 0.0012 in adults and <0.0016 in children. **indicate methylation score with lowest p-value for a trait/exposure.

TABLE 4 | Results of the polygenic score prediction of birth weight, BMI, prenatal maternal smoking, and current and former smoking.

Trait Group βPGS SEPGS PPGS PGS R2 (%)

Birth weight Adults (N = 2,040) 0.123 0.024 1.56 × 10−07* 1.520

Children (N = 1,070) 0.118 0.030 9.67 × 10−05* 1.387

BMI Adults (N = 2,410) 0.259 0.022 3.43 × 10−32* 6.725

Children (N = 1,072) 0.173 0.041 2.20 × 10−05* 3.003

Prenatal maternal smoking Adults (N = 720) 0.259 0.132 0.049 1.797

Children (N = 547) 0.282 0.165 0.086 1.622

Smoking current vs. never Adults (N = 1,914) 0.330 0.056 2.24×10−07* 2.794

Smoking former vs. never Adults (N = 1,938) 0.197 0.058 0.001 0.909

β is the regression coefficient for each polygenic score (PGS) with standard error (SE) and p-value (P). PGS R2 is the phenotypic variance explained by the PGS.

PGS to predict current vs. never smoking and former vs. never smoking were created based on GWAS on smoking initiation (17).

*indicates p < 0.0012 in adults and <0.0016 in children.

(Table 4). The correlation between the whole blood MS and
PGS in adults was−0.03 (p= 0.182; Supplementary Figure 4A).
In the model combining MS and PGS to predict birth weight,
the PGS, and blood MS in adults both significantly explained
variation in birth weight (variance explained by MS in combined
model: 0.39%, p = 0.003; by PGS: 1.53%, p = 1.96 × 10−7 and
MS+PGS: 1.92%) (Table 5, Figure 1E).

In children, the best performing score was based on 958 CpGs
with a p-value lower than 1 × 10−7, explaining 0.14% of the

variance (p = 0.263) (Table 3). The PGS predicted birth weight
in children (variance explained by PGS = 1.39%, p = 9.67 ×

10−5) (Table 4). MSs did not add predictive value to PGS in the
combined model (Table 5, Figure 1F).

BMI
Blood MSs for BMI were based on the EWAS by Wahl
et al. (12) in blood DNA in adults. These account for a
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TABLE 5 | Results of the multi-omics prediction of birth weight, BMI, prenatal maternal smoking, and current and former smoking.

Trait Group—DNA

methylation

tissue

Methylation score Polygenic score Total R2 for

MS+PGS

(%)
CpGs included in

MS

βMS SEMS PMS MS R2

(%)

βPGS SEPGS PPGS PGS R2

(%)

Birth weight Adults—Whole

blood (N = 2,040)

p < 10−1 pruned 0.063 0.021 0.003 0.394 0.124 0.024 1.96 ×

10−07*

1.525 1.92

Children—Buccal

cells (N = 1,070)

p < 10−7 0.043 0.032 0.172 0.186 0.110 0.030 2.61 ×

10−04*

1.219 1.41

BMI Adults—Whole

blood (N = 2,410)

p < 10−7 0.253 0.026 5.5 ×

10−23*

6.40 0.235 0.022 7.02 ×

10−28*

5.54 11.95

Children—Buccal

cells (N = 1,072)

p < 10−1 pruned 0.017 0.019 0.347 0.030 0.157 0.042 1.7 ×

10−04*

2.451 2.48

Prenatal maternal

smoking

Adults—Whole

blood (N = 720)

p < 10−7 1.031 0.140 2.4 ×

10−13*

16.886 0.207 0.140 0.139 0.837 17.72

Children - Buccal

cells (N = 547)

p < 10−7
−0.291 0.187 0.120 1.529 0.283 0.168 0.091 1.093 2.62

Smoking current

vs. never

Adults—whole

blood (N = 1,914)

p < 10−7 pruned 2.251 0.113 1.3 ×

10−70*

54.41 0.165 0.080 0.042 0.16 54.57

Smoking former

vs. never

Adults—whole

blood (N = 1,938)

p < 10−7 pruned

from current vs.

never smoking

EWAS

1.216 0.089 1.5 ×

10−34*

15.52 0.159 0.064 0.018 0.51 16.03

β is the regression coefficient for each term with standard error (SE) and p-value (P). MS R2 is the phenotypic variance explained by the MS. PGS R2 is the phenotypic variance explained

by the PGS. The combined model included the PGS and the best performing MS. *indicates p < 0.0012 in adults and <0.0016 in children.

FIGURE 1 | Prediction by methylation and polygenic scores in previous studies and NTR. Bars are the phenotypic variance explained by the score (R2), x-axis shows

R2 in %. MS, methylation score. PGS, polygenic score. PGS+MS, polygenic and methylation scores in combined model (multi-omics predictor). “–” indicates that the

score is not available in the study. Prediction by PGS and MS separately in NTR cohorts is indicated by blue frames in (A–D). Multi-omics prediction in NTR is

presented in (E–F). Full references on previous studies in (A,B,D) can be found by first author in References. For more details on previous EWASs included in (A,B),

see Supplementary Table 1.
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moderate proportion of the variance in BMI in adults (1.5–
7.7%). The best performing score explained 7.7% of the
variance in BMI (p = 9.79 × 10−27) and was based on
412 Bonferroni significant CpG sites (Table 3, Figure 1B).
The pruned MSs explained less variation in BMI (1.5–4.8%
explained variance). The PGS for BMI explained 6.7% of
the variance in adults (p = 3.43 × 10−6; Table 4). The
correlation between whole blood MS and PGS was 0.1 in adults
(p = 1.31 × 10−6; Supplementary Figure 4B). In a combined
regression model in adults the MS and PGS contributed
independently to the prediction of BMI (variance explained
by MS in combined model: 6.4%, p = 5.46 × 10−23, by
PGS: 5.5%, p = 7.02 × 10−28, and MS+PGS: 11.9%) (Table 5,
Figure 1E).

In children, the BMI MSs based on buccal methylation data
had a considerably lower predictive performance, and none
of the scores significantly predicted BMI: the best score in
children explained 0.04% of the variance (p = 0.276), and was
based on 183 pruned CpG sites with a p-value lower than 1 ×

10−1. The PGS explained 3% of the BMI variance (p = 2.2 ×

10−5). MSs did not outperform PGSs in the combined model
(Table 5, Figure 1F). Furthermore, removal of children for whom
information on BMI was collected more than 3 years before or
after DNA collection did not lead to an increase in explained
variance (Supplementary Table 4).

Prenatal Maternal Smoking
In adults, the MSs were based on the EWAS in cord blood
from 4,994 newborns (19, 51) and significantly predicted prenatal
maternal smoking exposure (Table 3, Figure 1C). The score
based on weights of 607 unpruned CpGs at p < 1 × 10−7

accounted for largest variance of 17.3% of prenatal maternal
exposure (p = 1.28 × 10−13). The pruned MSs performed
worse (5.9–7% explained variance). The PGS for maternal
smoking around birth did not significantly predict prenatal
maternal smoking (variance explained by PGS 1.8%, p = 0.05)
(Table 4). The correlation between the best performing MS
and PGS was 0.06 (p = 0.003; Supplementary Figure 4C).
The variance explained by MS and PGS in the combined
model was slightly lower than predicted by MS alone (variance
explained by MS in combined model: 16.9%, p = 2.4 ×

10−13, by PGS: 0.84%, p = 0.139 and by MS+PGS: 17.7%)
(Table 5, Figure 1E). Maternal smoking scores in buccal
methylation data from children, based on the same cord blood
discovery EWAS, were not significantly predictive (Table 5,
Figure 1F).

Smoking
The smoking MS in adults were based on the EWAS for
never vs. current smokers (18, 51) and were strongly predictive
for smoking status. The pruned MSs had a considerably
better predictive performance (28–57.5 vs. 21–44% explained
variance). The best performing MSs was based on 24 pruned
CpGs at p < 1 × 10−7, and explained 57.5% of variance
for current smoking (p = 1.25 × 10−73) and 16.3% of the
variance for former smoking (p = 5.44 × 10−36) (Table 3,
Figure 1D). The PGS for smoking initiation explained 2.8%

of the variance in current smoking (p = 2.24 × 10−7)
and 0.9% of the variance of former smoking (p = 0.001)
(Table 4). The correlation between the PGS of smoking initiation
and the best performing MS was 0.14 (p = 7.71 × 10−13;
Supplementary Figure 4D). In the combined prediction model,
the MSs outperformed PGSs in the prediction of smoking status,
and the PGSs were no longer significant (variance explained
by MS in combined model for current vs. never smoking:
54.4%, p = 1.3 × 10−70, by PGS: 0.16%, p = 0.042, and by
MS+PGS: 54.6%), indicating that the PGS and MS for smoking
do not independently add to prediction of this trait (Table 5,
Figure 1E).

DISCUSSION

We examined if a combined model that includes methylation
scores (MS) and polygenic scores (PGS) captures more variance
in body size, i.e., birth weight and BMI, and in two exposures,
i.e., prenatal maternal smoking exposure and smoking in
adulthood, in comparison to the PGS alone. Our results
showed that MSs in adults, from blood DNA, predicted BMI,
prenatal maternal smoking, and smoking status independent
of PGSs, and outperformed PGSs for BMI, prenatal maternal
smoking, and smoking status, but not for birth weight. In
children, MSs from buccal-cell DNA did not show predictive
value in children, but here the tissue in the discovery studies
derived from EWASs of cord blood and whole blood DNA
methylation profiles.

The most successful MS predictor in our study is for smoking.
Blood DNA MS explained up to 57.5% of the variance in
current smoking status and 16.3% of the variance in former
smoking status. This was substantially better compared to
the performance of PGS. Tobacco exposure, both prenatal
and current, is a potential environmental exposure that
modifies DNA methylation. Several previous studies reported
successful application of blood DNA MS created based on
weights from an independent discovery EWAS, as we did
in the current study (11, 23, 26), based on calculation of
indexes (27, 28) or based on machine learning algorithms
(25). In line with previous studies, MSs performed better
for predicting current vs. never smoking than for former
vs. never smoking (25). Most studies of smoking were done
on blood DNA methylation. It has been suggested that
buccal cell DNA methylation predictors should perform even
better (25). Currently, our participants with buccal cell DNA
methylation data are too young (methylation data in buccal
cells was available for children around 9 years old) to have
initiated smoking.

The blood DNAMSs for prenatal maternal smoking, based on
cord blood-derived weights from newborns, significantly
explained 17.3% of variance in adults. Earlier reports
demonstrated that maternal smoking during pregnancy is
associated with alterations in offspring blood DNA methylation
in newborns (19, 55, 56), children and adolescents (57, 58), and
adults several decades after exposure (23, 59). However, the
effects of sustained maternal smoking during pregnancy fade
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away with time, and the predictive accuracy in blood samples
from adults is much lower than the accuracy obtained with cord
blood samples from newborns (56–58, 60).

We showed that MSs perform better than PGSs in adults for
both exposures capturing the effect of smoking, and add value to
prediction in combinedmodels. The effects of individual SNPs on
behavioral traits such as smoking is small, hence, larger GWAS
meta-analyses are required for smoking and maternal smoking
to obtain better PGSs. In contrast to PGSs, which capture an
individual’s genetic predisposition for smoking behavior, MSs
capture the effect of exposure to smoking on the methylome.
Smoking as an exposure is strongly associated with DNA
methylation, and EWAS meta-analyses of smoking and maternal
smoking have identified very large numbers of CpGs associated
with these traits, allowing for the calculation of fairly reliableMSs,
i.e., the EWAS meta-analysis identified over 2,000 significant loci
associated with smoking (18), while the currently largest GWAS
detected 566 loci associated with smoking initiation (17).

The BMI MS derived in blood samples from adults explained
up to 7.7% of the variation in BMI, thereby outperforming
the PGS, which explained 6.7% of the variance. Both scores
contributed independently to the prediction of BMI in the
combined model (12% of explained variance). The performance
of adult NTR MSs for BMI was in line with other studies that
reported around 10–11% variance explained byMS only in adults
(see Figure 1B) and larger variance explained by combined MS
and PGS predictors (21, 22). In children with buccal methylation
data, a considerably smaller proportion of 2.5% of variation in
BMI was explained by the MS and PGS in combined predictor.
The lower predictive performance of BMI MSs in children than
in adults was also observed in other studies (20, 21), and could
be explained by increase of environmental contribution to the
trait with age (61) as BMI tends to increase during most of
adult life (62). Shah et al. (21) reported that BMI MSs based on
an EWAS in adults from the Lothian Birth Cohorts explained
4.9% of variation in adults from the Lifelines DEEP study, but
did not account for any BMI variation in adolescents (mean
age 14 years) from the Brisbane Systems Genetic Study. Reed
et al. (20) observed 10% of BMI variance explained in women in
comparisonwith 1% in children age 7 years and 3% in adolescents
age 15 years by MSs calculated on the same set of CpGs from an
EWAS in adults.

Birthweight MSs were not strongly predictive in our study,
with 0.4 and 0.1% of explained variance in adults and children,
respectively, while PGS were significant with 1.5 and 1.4% of
explained variance in adults and children, respectively. The
PGS for birth weight in NTR was in between the variance
explained in previous studies (see Figure 1A): 0.4% in an
ALSPAC cohort of 823 newborns (20), 2% in multi-cohort study
of 42 thousand twins (53) and in Hyperglycemia and Adverse
Pregnancy Outcome (HAPO) study of 1,338 individuals (14),
2.9% in the Northern Finland Birth Cohort (NFBC) of 5,402
individuals and 4.9% in Generation R cohort of 2,357 individuals
(14). The discovery EWAS of birth weight (N= 8,825 newborns)
detected 914 Bonferroni significant CpGs in cord blood (15),
suggesting that birth weight does have a large epigenetic signal
in cord blood at birth. The cord-blood DNAMS base on weights

from adult BMI EWAS accounted for 2% of variance in birth
weight (20). According to our knowledge, the performance of
birthweight MS based on weights from newborn EWAS has not
been previously examined. The low predictive accuracy of the
MSs can be caused by the fact the birth weight scores in whole
blood and buccal cells were based on an EWAS in cord blood of
neonates. Across different tissues and ages, different CpG sites
may be associated with birth weight. Another explanation is,
that the association between birth weight and DNA methylation
fades away with age. Küpers et al. (15) took the 914 significant
neonatal blood CpG sites and examined their associations with
birth weight in blood samples of adults. No CpG site reached
Bonferroni significance in the adults. At present, there are
no published EWASs of birth weight based on buccal DNA
methylation and no large EWASs of birth weight on blood
samples from adults.

The lower predictive accuracy of the buccal cell DNA MSs
for all four phenotypes may have several reasons: (1) for
some traits there is evidence that DNA methylation signatures
increases with age, e.g., BMI, and thus can be not evident
at age of 9 years old; (2) unreliability in the phenotype,
e.g., prenatal maternal smoking reported participants on their
mother’s smoking behavior; (3) use of effect sizes from EWASs
in cord blood and whole blood methylation data to calculate
the scores in buccal cell DNA methylation data. The CpG
sites that are predictive for trait/exposure in blood may not be
the same CpG sites that are predictive in buccal cells, or the
strength of the association may differ across tissues. This last
explanation can be tested once more EWASs in buccal cells
become available.

The best performing score for each trait will depend on
the true number of CpGs associated with the trait and their
effect size, the correlation among CpGs, and the power of
the discovery EWAS analysis. If the discovery EWAS had full
power to detect all CpGs associated with the trait, and there
is no large heterogeneity in the effects across cohort, scores
created within the same tissue as the discovery EWAS with
CpGs based on the most stringent p-value threshold (i.e., <1
× 10−7) are expected to perform best. More likely, EWASs for
these traits did not yet detect all CpGs that are truly associated
and larger discovery samples are required to detect CpGs with
smaller effects. Therefore, we also examined the performance
of scores created based on more lenient p-value thresholds.
More lenient p-value thresholds will potentially add more CpGs
to the MS that are truly associated with the phenotype, but
which did not yet reach epigenome-wide significance in the
discovery EWAS meta-analysis, thereby improving the score.
At the same time, inclusion of more CpGs that are not truly
associated with the trait and less accurate weights at more
lenient thresholds, add more noise to the MS. Pruning was
performed to remove correlated CpGs that are redundant (and
potentially add noise to scores). The expectation is that if the
set of CpGs associated with a trait is correlated (and especially
if correlations are strong or abundant), pruning will improve
performance of theMS.We found this to be the case, for instance,
for blood DNA MS for smoking in adults. For simplicity, we
compared two options that have been previously applied in
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the literature: (1) no pruning at all and (2) a correlation cut-
off of 0.1 to select an approximate independent set of CpGs,
but we note that the optimal correlation cut-off for pruning
may also vary across traits. In adults, pruning reduced the
performance of some scores, namely BMI and prenatal maternal
smoking, while it improved the performance for birth weight
and smoking. Sophisticated methods for MS calculation that
model the exact correlation structure between CpGs, as are
available for PGS (52), are yet to be developed. In our study,
we have selected the best performing score for each trait based
on the currently available largest EWAS. With larger discovery
EWASs, the optimal selection approach for CpGs is also expected
to change.

Birth weight and BMI are physical characteristics, whereas
prenatal maternal smoking and own smoking are commonly
labeled as exposures and behavioral traits. Birth weight is
the least heritable of these traits, while mother’s behavior in
prenatal maternal smoking consists of an exposure whose genetic
contribution is genetically transmittable to offspring, who inherit
50% of mothers’ genes. All four complex traits are influenced
by genetic variants and environmental factors, although some
have argued that behavioral traits are more distal and less
directly under biological control than physical traits. Polygenic
signals from PGS and MS are composites of signals from
different sources that are a result of different combinations of
underlying biological processes. Notwithstanding the gap in our
understanding about biological processes between the polygenic
signals and phenotypes and exposure outcomes, the hypothesis-
free approaches from GWAS and EWAS allow for construction
of polygenic and methylation scores that have certain predictive
accuracy, as demonstrated in research and that have potential for
clinical use (10, 63).

The pathways between genome and complex physical and
behavioral traits may pass over many different cascades
of biological processes in interplay and interaction with
environmental factors. PGS andMS can capture different sources
of information, from GWASs and EWASs. PGS will capture
only genetic vulnerability for a trait, while MSs may capture,
in addition to genetic influences on the trait, environmental
and stochastic influences and the effect of the trait on
the MS.

Pathway analyses indicate that protein products of genes
within birthweight-associated regions in GWAS are enriched
for diverse processes including insulin signaling, glucose
homeostasis, glycogen biosynthesis and chromatin remodeling
(14). Birthweight-associates CpGs are among sites that have
previously been linked to prenatal maternal smoking and
mother’s BMI before pregnancy (15). Genes annotated to BMI-
associated SNPs are mostly enriched among genes involved in
neurogenesis and more generally in the development of the
central nervous system (16). Cell type-specific gene expression
analysis identified enrichment of brain cell types in BMI (64).
These findings suggest that BMI could be considered as a
behavioral trait and not only metabolic one. Genes annotated to
BMI-associated CpGs play role in adipose tissue biology, insulin
resistance, inflammation, as well as metabolic, cardiovascular,
respiratory and neoplastic disease (12).

Smoking-initiation-associated genes are involved in
dopaminergic and glutamatergic neurotransmission among
several regions in the central nervous system related to addictive
behavior (17). Many CpGs overlap in both in newborns
exposed to prenatal maternal smoking and smoking adults
(including cg05575921 (AHRR) indicative to smoking exposure
in many studies) are implicated in numerous neurological
pathways, embryogenesis, and various developmental
pathways (51). Unique pathways observed in newborns include
xenobiotic-related pathways, cytochrome P450 and uridine-
glucoronosyltansferases involved in metabolism of nicotine
and other compounds of tobacco smoke (51), and pathways
associated to susceptibility to orofacial clefts (19). Unique
pathways observed in adults EWAS are enriched for variants
associated in GWAS with smoking-related disease, including
osteoporosis, colorectal cancers, and chronic obstructive
pulmonary disease.

The limitations of our study relate to measurement reliability
and the missing data for some phenotypes, which reduced
the study power. The largest number of missing data was for
prenatal maternal smoking in adults (47%, N = 1,133). Women
may underreport smoking during pregnancy (24), although
in NTR the prevalence of maternal SDP was 19.5 % for the
mothers of young twins, which is in line with the prevalence
reported in the general Dutch population (48). Birth weight
data were missing for many participants who joined the NTR
as adults (17%, N = 404). In children, there were varying time
differences between DNA methylation and BMI measurement.
Our sensitivity analysis showed that MS prediction accuracy was
not affected by this difference. In the prediction models, we
adjusted for age, sex, and cellular composition of samples, hence
the predictive performance of MSs reported in this paper is over
and above the effects of age, sex, and cellular composition. We
recognize that theMSs, and their ability to predict the phenotypes
that we study are likely to be impacted by other factors, such as
gestational age for birth weight and prenatal maternal smoking,
BMI and amount of cigarettes in smoking exposure and vice versa
smoking in BMI. Further explorations of potential confounders
and mediators will be valuable.

The combination of PGS and MS is a tool to address research
questions, such as mediation by DNA methylation of the effect
of certain exposures on a trait of interest, where a score based on
multiple CpGs may increase the power of such studies compared
to a single CpG site.

Lifestyle variables, such as smoking behavior, are often
assessed in epidemiologic studies by interviews or questionnaires,
and individuals may hide their smoking status or adults may
not know if their mother smoked during pregnancy. In such
cases, the use of epigenetic profiles can serve as biomarkers and
be applied an alternative of survey data (11). Further, the MSs
also have potential to be used in risk stratification and disease
risk prediction. For example, BMI MSs were shown to predict
type 2 diabetes beyond traditional risk factors including BMI and
waist–hip ratio (12).

In conclusion, this study illustrates the value of combining
PGS with MS for complex trait and exposure prediction. The
results of our study provide new insights into the predictive
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performance of PGS and MS for different traits, across different
tissues and ages. Because we analyzed buccal data in NTR
children and blood data in NTR adults, the current study could
not distinguish between age and tissue as cause for the differences
in predictive performance of the scores in the two groups. To
make a better distinction between differences caused by age or
tissue type, future studies that can create PGS and MS based on
both blood and buccal data in children and adults are warranted
and ideally both tissues are available for the same individuals.
Furthermore, the predictive performance of MSs in blood and
buccal methylation data may improve if MSs will be created
based on EWA studies performed in the same type of tissue
collected at the same age with larger sample size, with other
approaches rather than weighted score approach (e.g., machine
learning), and the prediction of traits may be further improved
by adding information from additional omics levels. Future
follow-up studies should investigate relationships between the
DNA sequence and DNA methylation in complex traits and
exposure outcomes.
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Haploinsufficiency of the
Attention-Deficit/Hyperactivity
Disorder Risk Gene St3gal3 in Mice
Causes Alterations in Cognition and
Expression of Genes Involved in
Myelination and Sialylation
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Gabriela Ortega1, Péter Álmos1‡, David Diouf1, Daniel van den Hove4 and
Klaus-Peter Lesch1,4,5

1 Division of Molecular Psychiatry, Center of Mental Health, University of Würzburg, Würzburg, Germany, 2 Biomedical
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Genome wide association meta-analysis identified ST3GAL3, a gene encoding
the beta-galactosidase-alpha-2,3-sialyltransferase-III, as a risk gene for attention-
deficit/hyperactivity disorder (ADHD). Although loss-of-function mutations in ST3GAL3
are implicated in non-syndromic autosomal recessive intellectual disability (NSARID)
and West syndrome, the impact of ST3GAL3 haploinsufficiency on brain function
and the pathophysiology of neurodevelopmental disorders (NDDs), such as ADHD,
is unknown. Since St3gal3 null mutant mice display severe developmental delay and
neurological deficits, we investigated the effects of partial inactivation of St3gal3 in
heterozygous (HET) knockout (St3gal3±) mice on behavior as well as expression of
markers linked to myelination processes and sialylation pathways. Our results reveal
that male St3gal3 HET mice display cognitive deficits, while female HET animals show
increased activity, as well as increased cognitive control, compared to their wildtype
littermates. In addition, we observed subtle alterations in the expression of several
markers implicated in oligodendrogenesis, myelin formation, and protein sialylation as
well as cell adhesion/synaptic target glycoproteins of ST3GAL3 in a brain region- and/or
sex-specific manner. Taken together, our findings indicate that haploinsufficiency of
ST3GAL3 results in a sex-dependent alteration of cognition, behavior and markers of
brain plasticity.

Keywords: St3gal3, sialyltransferase, sialic acid, psychiatric disorders, attention-deficit/hyperactivity disorder
(ADHD), prefrontal cortex, hippocampus, mouse model
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INTRODUCTION

Neurodevelopmental disorders (NDDs) constitute frequent
causes of disability among children and adolescents world-wide.
Being the most common NDD, attention-deficit/hyperactivity
disorder (ADHD, MIM #143465), is defined as a clinically
heterogeneous syndrome comprising developmentally
inappropriate inattention, hyperactivity, increased impulsivity,
and motivational/emotional dysregulation. The syndromal
dimensions of inattention and impulsivity are increasingly
being recognized as highly persistent into adulthood
and are associated with a considerable risk for failure in
psychosocial adaptation as well as psychiatric co-morbidity,
such as depression and substance use disorders (Bush, 2010;
Faraone and Larsson, 2019).

Despite evidence for high heritability, the multifactorial and
polygenic nature of ADHD has rendered it challenging to
unravel the genetic contribution to each syndromal dimension.
Recently, a collaborative effort which assessed a sample of
20,183 individuals with ADHD and 35,191 controls identified
ADHD risk variants surpassing genome-wide significance in
12 independent loci (Demontis et al., 2019). This meta-
analysis shed light on a locus located on chromosome 1,
whose most significant single nucleotide polymorphism (SNP),
rs11420276 (p = 2.14 × 10−13), is located in ST3GAL3, a
gene encoding the Golgi membrane enzyme beta-galactosidase-
alpha-2,3-sialyltransferase-III (ST3GAL3). Of note, a recent
genome-wide methylome screening by Walton et al. (2017)
also identified ST3GAL3 as differentially methylated during the
course of ADHD. It was pointed out that gene-by-environment
(GxE) interaction may moderate ST3GAL3 expression, impacting
epigenetic programming of brain development and maturation.
Remarkably, ST3GAL3 was implicated in general cognitive
function in a GWAS meta-analysis (Davies et al., 2018).
Together, these findings identify ST3GAL3 as a putative risk
gene for ADHD, specifically for associated impairment of
cognitive performance.

In support of this notion, loss-of-function mutations in
ST3GAL3 were previously reported to result in severe non-
syndromic autosomal recessive intellectual disability (NSARID),
a familial disorder characterized by low cognitive abilities
associated with difficulty in learning basic language and motor
skills, as well as West syndrome (WS), a severe infantile
seizure disorder associated with developmental regression and
intellectual disability that can occur as an autosomal recessive
familial disorder (Hu et al., 2011; Edvardson et al., 2013; Schnaar
et al., 2014; Indellicato et al., 2020), compellingly suggesting
that ST3GAL3 function is critical for normal development and
functioning of the brain.

ST3GAL3 is mainly involved in the formation of the sialyl
epitope on glycoproteins, a process with critical impact on
brain function which also determines the functional specificity
of glycans (Schnaar et al., 2014). Sialic acids (Sia) are 9-carbon
backbone sugars with chemical properties that are well suited
for molecular recognition and communication (Yoo et al., 2015).
Brain sialoglycans are dominated by gangliosides, sialic acid-
bearing glycosphingolipids that constitute approximately 75% of

the brain’s sialic acid, whereas sialoglycoproteins constitute the
remaining 25% (Yoo et al., 2015).

Sialoglycans are biosynthesized by sialyltransferases (STs),
which catalyze the transfer of Sia from its activated nucleotide
sugar donor cytidine monophosphate (CMP-Sia) to the
terminus of an oligosaccharide chain of a glycoprotein or
glycolipid (Wang, 2009; Schnaar et al., 2014). Based on
their acceptor substrates, the type of glycosidic linkage they
generate (α2-3, α2-6, and α2-8) and their primary saccharide
receptor [galactose (Gal), N-Acetyl-D-galactosamine (GalNAc)
or Sia] (Wang, 2009; Schnaar et al., 2014), 20 mammalian
STs have been described and categorized into four families:
β-galactoside α2,3-sialyltransferases (ST3Gal), β-galactoside
α2,6-sialyltransferases (ST6Gal), alpha-N-acetylgalactosaminide
α2,6-sialyltransferases (ST6GalNAc), and α2,8-sialyltransferases
or polysialyltransferases (ST8Sia). Particularly, ST3Gal3
utilizes both Galß1,3GlcNAc and Galß1,4GlcNAc structures
(with preference for Galß1,3GlcNAc structure), mainly
on glycoproteins as acceptor substrates (Yoo et al., 2015).
Additionally, polysialyltransferases (in vertebrates ST8Sia2 and
ST8Sia4) attach polysialic acid (PSA) to complex glycans with
the first sialic acid.

Among several other proteins, PSA is added to the neural cell
adhesion molecule-1 (NCAM1). Attachment of PSA to NCAM1
influences its properties, altering cell motility, neurogenesis, axon
outgrowth as well as structural and synaptic plasticity (Galuska
et al., 2008; Wang, 2009; Nacher et al., 2013; Schnaar et al.,
2014). PSA is also added to other molecules, such as synaptic
cell adhesion molecule-1 (SynCAM1, CADM1), Neuropilin-2 or
voltage-gated ion channels (Ednie and Bennett, 2012; Mühlenhoff
et al., 2013), in specific cell types. The effects of sialylation on
these glycoproteins are yet unknown.

Although ST3GAL3 is well characterized in the context
of cancer or lung inflammation, little is known about
its function in the brain. Yoo et al. (2015) assessed
neuroanatomy, brain histology, biochemistry as well as
behavior in St3gal2 and St3gal3 single and double-null
mutant mice. Notably, the authors demonstrated that
sialylation of sialoglycoproteins is decreased approximately
50% in St3gal3−/− mice. Moreover, the authors reported
alterations in different markers linked to oligodendrogenesis
and the process of myelination (MBP, Olig2, and MAG).
Additionally, they reported reduced motor coordination,
marked cognitive deficits and hyperactive behavior in St3gal3
single-null mice.

The notion that ST3GAL3 inactivation causes severe
intellectual disability with distinguishable developmental,
neurological and neuropsychiatric phenotypes led us to predict
that more subtle allelic variation of ST3GAL3 expression may
increase the vulnerability to ADHD and related conditions, or
predispose individuals to the effects of other genetic and/or
environmental risk factors. Since St3gal3 null mutant mice
display severe developmental delay, neurological deficits,
including spontaneous seizures, and overall reduced viability,
thus limiting behavioral and neurobiological assessment, we here
investigated the effects of partial inactivation of St3gal3 in male
and female heterozygous knockout (St3gal3±) mice with focus
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FIGURE 1 | Timeline of the different behavioral experiments performed in this study by the male and female cohort. A, adaptation phase; BP, break phase; PL, place
learning; RTT, reaction time task; DDT, delayed discounting task; d, days. *Males only.

on behavior as well as expression of markers linked to sialylation
and myelination pathways.

MATERIALS AND METHODS

Generation of St3gal3-Deficient Mice
Experiments were performed using a constitutive St3gal3-
deficient mouse line (B6.129-St3gal3TM1Jxm/J) that had
been previously generated by Cre-loxP gene targeting to
produce the deletion of exon 2 that encodes the ST3GAL3
transmembrane domain (Ellies et al., 2002). Heterozygous
St3gal3-deficient (St3gal3±, in the following referred to as HET)
were obtained from the Jackson Laboratory (JAX, Bar Harbor,
ME, United States) and re-derived by in vitro fertilization and
implantation in C57BL/6J dams at the Center for Experimental
Molecular Medicine (ZEMM), University of Würzburg. After the
rederivation, the mouse line was maintained by breeding HET
males with St3gal3+/+ wildtype (WT) females. The genotyping
of the St3gal3 locus was done by polymerase chain reaction
(PCR) as described on the Jackson Lab website.1 In order to
confirm the deletion and deficiency of ST3GAL3, we measured
mRNA and protein levels in the mouse brain by quantitative real
time PCR (qRT-PCR), as described in 2.5.

Animal Husbandry
All mice used for this study were housed in standard Makrolon
cages at the animal facility of the ZEMM (University Hospital
of Würzburg), under a 12 h light/dark cycle with food and
water ad libitum unless specified otherwise. After weaning, male
mice were kept in type IV Makrolon cages (rat type) in groups
of 9–10 animals of mixed genotypes, in order to follow the
group distribution needed for the behavioral experiments in the
Intellicage System (see section “Behavioral Assessment”). This
was done to avoid future aggressive reactions between adult
male animals coming from different litters due to the territorial
behavior that naturally occurs in male mice (Koolhaas et al.,
2013), which can be avoided if animals from different litters are
mixed at an early age. In the case of female mice, they were
kept in type III Makrolon cages in genotype-mixed groups of 3–
5 per cage until the start of the behavioral experiments. Animals
used for the molecular experiments were housed following the
same strategy described above. Experimental procedures of the
IntelliCage System were approved by the local authorities of the

1https://www.jax.org/

Government of Lower Franconia and performed in accordance
with the guidelines for animal care and use provided by the
European Parliament and Council Directive (2010/63/EU).

Behavioral Assessment
Behavioral tests were performed to assess activity, memory and
learning abilities as well as cognitive flexibility and impulsivity in
two separate cohorts of adult male (n = 18; 9 WT and 9 HET) and
female (n = 18; 8 WT and 10 HET) mice. Due to the impossibility
to test females and males simultaneously, both sexes had to be
tested at different time points: the male cohort was 3–4 months
of age at the beginning of the testing; the female cohort was
5–7 months old. However, we consider that the age difference
between males and females, which is around 2–3 months, is not
as high as being considered a main confounding factor (Benice
et al., 2006). In addition, all the animals used in the behavioral
experiment are full adults that have not started with any aging
process which may have underlid strong differences in their
performance in the Intellicage (Yanai and Endo, 2021).

Behavioral assessment was carried out using the IntelliCage
System (New Behavior, Zurich, Switzerland), an automated home
cage system (Krackow et al., 2010; Kobayashi et al., 2013;
Fischer et al., 2017). For that purpose, mice were anesthetized
with isoflurane and radio frequency identification transponders
(Planet ID, Essen, Germany) were implanted subcutaneously in
the dorso-cervical region. Animals were returned to their home
cages and stayed in observation for recovery for a few days.
Afterward, mice were transferred to the Intellicage System, where
the following phases/behavioral tasks took place (Figure 1).

Adaptation Phase
The adaptation phase allowed us to investigate exploratory
behavior in a novel environment. During the first 7 days
(spontaneous activity subphase, SA), all IntelliCage doors were
open, providing free access to all eight water bottles (two in
each corner). Animals that were unable to drink from the bottles
48 h after being introduced in the Intellicage were excluded
from the experiment. Afterward, the nosepoke (np) phase took
place; during np phase, the mice had to make a np to be able
to drink from the water bottles. Likewise, those animals that
were unable to learn the task and drink from the bottles after
48 h were excluded from the experiment. In this module, the
total number of visits/h, visits without np or licks/h, visits with
np/h, visits with licks/h, median number of np and licks per
visit, median duration of nosepokes as well as median duration
of licking were measured.
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Due to technical reasons (forced experimental discontinuity
in the animal facility), male mice had to be removed from the
Intellicage after the Adaptation Phase and returned to normal
cages. Once again in the Intellicage and before the start of
the place learning phase, they were subjected to a second
Adaptation period, which consisted only in np phase (Figure 1).
Results concerning this second Adaptation period are shown in
Supplementary Figure 1.

Place-Learning Phase
This phase allowed us to evaluate learning and memory abilities
as well as cognitive flexibility. In this phase, water was only
available for each mouse in one specific corner (termed as
“correct”), while the rest of the corners (termed as “incorrect”)
did not open the doors even if the mouse had made a
nosepoke. Correct corners were assigned depending on the
corner preferences of each mouse during the adaptation phase;
the least visited corner was assigned as the correct one. To avoid
learning by imitation, balance between corner preferences was
also taken into account. The first place learning module lasted for
three days. This was followed by 3 days of place reversal, in which
the rewarded corner was swapped to the opposite one, allowing
us to evaluate cognitive flexibility. In this module, correct and
incorrect responses were measured and the proportion of correct
responses was calculated. The learning criterion was set at 35% of
correct responses, that is, random expectation plus 10%.

Reaction Time-Task (RTT)
The reaction time-task (RTT) evaluates motor impulsivity and
was divided into training and testing phases, which lasted 3 and
5 days, respectively. During the training part, the first np on each
visit was followed by a delay period of variable (random) duration
(0.5, 1.5, or 2.5 s), after which three green LEDs were switched
on exactly on the same side where the mouse had made that
first np. Afterward, the door opened for 5 s, allowing the mouse
to drink as a response to a np. Any nosepoke during the delay
period was considered as a premature or anticipatory response.
During the training, premature responses had no consequence.
However, during the testing phase, premature responses stopped
the trial, requiring the mouse to leave the corner and start again.
Therefore, animals had to learn to wait until the LED was on
before making a second np.

Impulsivity was measured by the proportion of premature and
correct responses (visits without premature responses).

Delay Discounting Task (DDT)
The delay discounting task (DDT) evaluates cognitive
impulsivity. During this task, one of the bottles at each corner
was filled with 2% sucrose water, while the other contained only
water. In addition, while the doors leading to the water bottle
could be opened immediately upon a np, there was a delay
between the np and the opening of the sucrose doors; this delay
started at 0.5 s and increased by 0.5 s every 24 h, reaching 8 s of
delay at the end. Additional np at the closed sucrose door had
no effect. Preference for sucrose and water bottles was measured.
Increasing delays are expected to reduce the preference for
sucrose; however, an earlier breakdown of sucrose preference

in one of the groups would be taken as evidence for increased
cognitive impulsivity.

Behavioral Data Analysis
The FlowR software (XBehavior, Bänk, Switzerland) was used
to analyze the raw data obtained directly from the IntelliCage
System software. To analyze the data from the adaptation
phase, a saturated linear model was implemented to ANOVA,
followed by linear model multiple comparisons as previously
described in Fischer et al. (2017). With regard to the data
from the place learning phase, RTT and DDT, the proportions
of correct responses and premature responses were compared
via generalized linear mixed models using a binomial link
function on the logits, as described in Fournier et al. (2012)
and Fischer et al. (2017). F-tests were taken for significance
testing to take individual variation into account for error variance
estimation, as proportions tended to be heavily overdispersed
(Krackow et al., 2010; Fischer et al., 2017). For designs measuring
individuals repeatedly, subject identity was added as random
effect to the within-subject and between-subject fixed effects
(giving essentially repeated measures ANOVA). Additionally,
the raw data obtained by FlowR software were also used to
analyze and plot the proportion of visits with nosepokes and
proportion of visits with licks in the adaptation phase, using
GraphPad Prism version 6.0. The normality of the data sets was
verified using the Shapiro–Wilk normality test. Once a normal
distribution was confirmed, genotype effects were analyzed by
a two-tailed unpaired t-test; the level of significance was set to
0.05 (two-tailed) in all the statistical analyses. GraphPad Prism
was also used to plot the sucrose preference in a timeline (delay-
dependent) manner.

Brain Tissue Preparation for Molecular
Analysis
A cohort of St3gal3 littermate HET (19 females, 7 males) and
WT (13 females, 8 males) adult mice that were behaviorally naïve
(age between 3 and 5 months old) were anesthetized with a lethal
dose of isoflurane and sacrificed by cervical dislocation. Brains
were dissected, frozen immediately in dry ice-cold isopentane
and subsequently stored at −80◦C until dissection of the areas
of interest. Afterward, the left and right parts of the prefrontal
cortex, hippocampus and striatum were separated on a pre-
cooled plate, collected in separate vials and stored at −80◦C for
later use (see below).

RNA Isolation and Quantitative RT-PCR
This analysis was done in the male and female sample sets.
RNA was isolated from the left hemispheres of each brain
region with the miRNeasy Mini Kit (Qiagen, Hilden, Germany).
RNA integrity was verified by agarose gel electrophoresis.
Complementary DNA (cDNA) was synthesized using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany) using 600ng total RNA per reaction. We next
proceeded with the qRT-PCR analysis to check the expression
of the target genes Cadm1, Cnp, Ncam1, St3gal3, St8Sia2,
St8Sia4, Mag, Mog, Mbp, Cspg4, Olig2, Sox10, Plp1, and
Plp2 (primer sequences for target genes can be consulted
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FIGURE 2 | Relative expression of St3gal3 in hippocampus, PFC and striatum of HET and WT mice. (A) Relative levels of St3gal3 mRNA in the hippocampus (HET:
n = 21, WT: n = 13). (B) Levels of St3gal3 mRNA expression in the PFC (HET: n = 19, WT: n = 14). (C) Levels of St3gal3 mRNA expression in the striatum (HET:
n = 20, WT: n = 14). In all analyzed brain regions, a strongly significant decrease of around 50% in St3gal3 expression was observed in heterozygote animals
compared to their wildtype littermates (hippocampus: t = 29.59, p < 0.0001; PFC: t = 13.97, p < 0.0001; striatum: t = 14.62, p < 0.0001). Data were analyzed by
Student’s t-test and presented as mean ± SEM. ∗∗∗∗p < 0.0001. WT, wildtype; HET, heterozygote.

in Supplementary Table 1). Rplp0, Ubc, B2m, Gapdh, and
Actb2 served as reference genes for normalization of the
gene expression. Reactions were run as previously described
(Forero et al., 2020). PCR efficiencies for each primer pair
were determined with LinRegPCR (Ruijter et al., 2009), using
fluorescence raw data extracted from the CFX software.
qbase + qPCR analysis software (Biogazelle, Zwijnaarde,
Belgium) was used for calculation of relative expression values
of all the target genes, using the threshold cycle values (Cq)
from Bio-Rad CFX Maestro software (Bio-Rad Laboratories,
Feldkirchen, Germany) and the primer efficiency values
from LinReqPCR (Academic Medical Center, Amsterdam,
Netherlands). These values were normalized by the most stable
reference genes (Gapdh, Actb and Rplp0 in hippocampus; Ubc,
B2m, and Rplp0 in PFC and striatum).

Western Blot
Prefrontal cortex, hippocampal and striatal regions of the right
hemispheres of the male sample set (WT = 8; HET = 7) were
homogenized by sonication in Radio-Immunoprecipitation
Assay (RIPA) buffer (Sigma-Aldrich, Darmstadt, Germany),
supplemented with protease and phosphatase inhibitor tablets
(Roche, Basel, Switzerland). A total of 20 µg of protein
were loaded on 4–12% Bis-Tris protein gels (Thermo Fisher
Scientific, Dreieich, Germany), electroblotted to a 0.45 µm
pore nitrocellulose membrane (Thermo Fisher Scientific,
Dreieich, Germany) and probed using one of the following
primary antibodies, always in combination with either rabbit
anti-α-tubulin antibody or goat anti- beta-tubulin (Abcam,
Cambridge, United Kingdom) as loading controls: goat
polyclonal anti-NCAM1/CD56 antibody (1:2,000, R&D Systems,
Minneapolis, MA, United States), mouse monoclonal anti-PSA
antibody (1:500, #NBP2-52710, Novus, Lingen, Germany),
rabbit polyclonal anti-SynCAM1/2/3 (1:2000, Synaptic Systems,
Göttingen, Germany), rabbit polyclonal anti-Myelin PLP
(1:5,000, #ab28486, Abcam, Cambridge, United Kingdom),
rabbit polyclonal anti-MBP (1:1,000, #PD004, MBL, Woburn,

MA, United Kingdom). Finally, membranes were incubated with
appropriate secondary fluorescent antibodies (all at 1:10,000;
Li-Cor Biotechnology, Bad Homburg, Germany). Fluorescent
band detection was conducted using the Fusion FX imaging
system (Vilber Lourmat, Eberhardzell, Germany) and quantified
using the Image Studio Lite software (Li-Cor Biotechnology, Bad
Homburg, Germany). Target protein levels were normalized by
the internal loading control and referred to average WT levels.

Molecular Data Analysis
All statistical analyses as well as data graphs were performed
using Prism version 9.2.0 (GraphPad Software, San Diego, CA,
United States). Normal distribution was checked using the
Shapiro–Wilk normality test and data were analyzed by two-
way ANOVA or Student t-test with a level of significance of
0.05 (two-tailed).

RESULTS

Heterozygous St3gal3-Deficient Mice
Display Intermediate Levels of St3gal3
mRNA
We first determined the expression of St3gal3 in several brain
regions of HET mice compared to WT littermates. By using PCR
primers located in exons 2 (forward) and 3 (reverse) targeting
specifically the St3gal3 WT allele, we observed a gene dose
dependent reduction of ∼50% in St3gal3 levels in HET mice
when compared to WT littermates, in all analyzed brain regions
(p < 0.0001) (Figure 2).

Heterozygous St3gal3-Deficient Mice
Present With Sex-Dependent Alterations
in Cognitive and Locomotor Activity
We evaluated the effects of St3gal3 haploinsufficiency using
the Intellicage System, which allows the assessment of different
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FIGURE 3 | Assessment of exploratory behavior and association between nose-poking and water reward in HET mice. Adaptation phase was divided in
spontaneous activity (SA) and nose-poke (Np) subphases, where the following parameters were assessed in the male cohort (n = 9/genotype) and the female cohort
(n = 8 WT and 10 HET): (A,E) Number of visits/h; (B,F) proportion of visits with nosepokes and visits with licks; (C,G) mean number of nosepokes during visits with
nosepokes and without licks; (D,H) median number of licks per visit. No genotype effects were observed in the male dataset. By contrast, female HET animals made
significantly more visits compared to their WT littermates (F1,31 = 9.35, p = 0.0045) Data in panels (B,F) were analyzed by two-way ANOVA. Remaining data were
analyzed and plotted with FlowR software. All data are presented as mean ± SEM.

behavioral domains that are related to ADHD pathophysiology.
Profound differences between the male and the female St3gal3-
deficient mice were observed. In HET males no significant
genotype effects during the adaptation phase were detected.
As shown in Figures 3A–D, the genotype had no effects on

the number of visits, percentage of visits with either np or
lick, number of np or number of licks, neither in the free
adaptation subphase nor in the np subphase, suggesting unaltered
activity and exploratory behavior in HET male mice. In contrast,
female HET mice (Figures 3E–H) made significantly more visits
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per hour compared to their WT littermates during the entire
adaptation phase (p = 0.0046), a finding that indicates enhanced
exploratory behavior. However, the percentage of visits either
with np or with np+ licks remained unaltered.

While ADHD is frequently associated with reduced cognitive
performance, including impaired working memory that results
in learning disabilities (Andersen et al., 2013; Tistarelli et al.,
2020), ST3GAL3 was also implicated in by a GWAS meta-
analysis on general cognitive function (Davies et al., 2018).
This deficit is also observed in null mutant mice (Yoo et al.,
2015) and patients with loss-of-function mutations in ST3GAL3
(Hu et al., 2011; Edvardson et al., 2013; Indellicato et al.,
2020). These fact led us to evaluate learning and memory as
well as cognitive flexibility in St3gal3-deficient mice in the
place learning task. This module was divided into two phases,
acquisition and reversal, in which the percentage of correct
responses (visits to correct corner) was used to evaluate learning
performance of the male and the female cohorts. Although all
groups were able to learn the task and reached the learning
criterion (set at 35% of correct responses, that is, random
expectation plus 10%), HET male mice displayed a reduced
averaged proportion of correct responses compared to their WT
littermates in acquisition (Figures 4A,C; p = 0.0031) and reversal
(Figures 4B,D; p = 0.0035); this effect was not observed in the
female group, however (Figures 4E,F).

In the RTT, which evaluates motor impulsivity (Figure 5),
a strongly significant effect of the delay on premature and
correct responses was observed in both cohorts (p < 1e-08),
as expected, with increased premature responses and reduced
correct responses when the delay was higher. In addition, a
genotype effect was observed in the male cohort in the proportion
of correct responses (Figure 5A) in the test (p = 0.0277) as well
as the training (p = 0.0035) phases. However, no effects in the
number of premature responses were seen. On the other hand, in
females, we observed a significant genotype x delay interaction in
the proportion of correct responses (Figure 5C; p = 0.0150), with
HET females having an increased number of correct responses
only in shorter delays. Finally, significant genotype effect in
the number of premature responses during the test phase was
also detected in the female cohort (Figure 5D; p = 0.0370); in
this case HET females made less premature responses in the
test phase compared to their WT littermates; this finding was
delay-independent and suggests an increased inhibitory control
in the HET females.

The behavioral testing ended with the DDT, which assesses
cognitive impulsivity (Supplementary Figure 2), however, no
genotype effects were found.

Heterozygous St3gal3-Deficient Mice
Display Dysregulation of Genes Involved
in Oligodendrogenesis, Myelin Formation
and (Poly)sialylation
We next assessed the effect of partial St3gal3 deficiency on the
expression of genes involved in oligodendrogenesis and myelin
formation in three key brain regions involved in cognition and
ADHD pathophysiology (PFC, hippocampus and striatum). We
only found a genotype effect on Plp2 levels in the PFC (p = 0.0286;

Figure 6C), with HET animals having a reduced expression
(average reduction of∼10%) of this gene compared to WT mice.
However, no genotype effects were observed in the hippocampus
(Figure 6A) and striatum (Supplementary Figure 3). In addition,
the expression of the oligodendrocyte marker Cspg4/Ng2 was
significantly reduced in the PFC of HET mice (p = 0.073;
Figure 7B, average reduction in HET mice was 14%), an effect
that was not observed in the hippocampus (Figure 7A). In both
cases effects were mainly driven by the HET male dataset (16 and
25% reductions in the expression of Plp2 and Cspg4 in HET males
compared to WT males, respectively). Trends for a sex effect on
hippocampal Mbp (p = 0.062; Figure 6A) as well as PFC Plp1
(p = 0.0537; Figure 6C) values were also detected.

Notably, Western blot analysis of MBP and myelin PLP as
representative protein markers of myelination (Figures 6B,D)
revealed no differences in PLP levels, but a significant decrease
of ∼50% in PFC MBP levels in HET animals when compared to
WT littermates (p = 0.0409; Figure 6D).

In addition, St3gal3 deficiency was associated with
expression changes of several genes involved in the process
of (poly)sialylation. In the hippocampus (Figure 8A), we
detected a significant genotype effect on Cadm1 levels, with HET
animals displaying higher levels (∼10% increase) compared to
their WT littermates (p = 0.0485). Moreover, ANOVA detected
a genotype main effect (F1,43 = 5.624, p = 0.0223) as well as
sex × genotype interaction (s × g: F1,43 = 4.736, p = 0.0351)
that affected hippocampal St8sia2 expression. While St8sia2
levels were generally higher in HET animals compared to WT,
post hoc analysis revealed that St8sia2 expression was particularly
upregulated in HET males when compared to HET females
(∼14% increase, p = 0.0481) and WT males (∼23% increase,
p = 0.0083). Finally, the hippocampal expression of the other
polysialyltransferase included in the study, St8sia4, was also
significantly increased in HET mice compared to their WT
littermates (∼16% increase, p = 0.0088).

In the PFC (Figure 8C), effects were generally modest, only sex
main effects in the expression of Cadm1 (p = 0.0239) and St8sia4
(p = 0.0231) were observed. Trends toward significant effects
of genotype and sex on Ncam1 expression were also seen (sex:
p = 0.0853; genotype: p = 0.0916). As for striatum, a trend toward
a sex effect was observed for St8sia4 (Supplementary Figure 2;
p = 0.0657).

The evidence that HET animals display an upregulation of
genes involved or affected by the process of polysialylation
led to us to investigate whether the levels of the main
targets of polysialylation (NCAM1, SynCAM1) were altered in
those mice (Figure 8). We also analyzed global PSA levels
in polysialylated proteins, but Western blot analyses revealed
no differences, neither in the levels of total NCAM1, total
SynCAM1 nor in PSA-glycoproteins in the PFC, hippocampus
and striatum of HET mice, compared to their WT littermates
(Figure 9).

DISCUSSION

Our results demonstrate how partial reduction in St3gal3
expression produces critical changes at the molecular
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FIGURE 4 | Assessment of learning performance and cognitive flexibility in HET mice. Place learning module was divided in two phases, Acquisition and Reversal,
where the percentage of correct responses (visits to the correct corner) was used to evaluate learning performance of the male (n = 9/genotype) and the female
(n = 8 WT and 10 HET) cohorts. (A,B) HET male mice displayed a reduced proportion of correct responses compared their WT littermates in Acquisition (A)
(F1,15 = 12.35, p = 0,003128) and Reversal (B) (F1,15 = 11.97, p = 0,003496). (C,D) Cumulative visits at the correct corner in Acquisition (C) and Reversal (D).
(E) Averaged proportion of correct responses by the female cohort in Acquisition and Reversal phases, where no genotype effects were observed. (F) Cumulative
visits at the correct corner by the female cohort in Acquisition and Reversal. Data were analyzed and plotted with FlowR software. Data in panels (A,B,E) presented
as mean ± SEM. Dotted line on each graph indicates random expectation.

and behavioral level, with a specific involvement of genes
central to the myelination process and the formation
of PSA-glycoproteins.

Despite representing the most common NDD, the search for
genetic risk factors for ADHD has been a considerable challenge.
Therefore, the identification of risk variants surpassing genome-
wide significance has provided new sources of hypothesis-
generating research (Demontis et al., 2019). Among several
other ADHD risk genes, ST3GAL3, previously related to

several severe intellectual disability (ID)-presenting conditions
(Hu et al., 2011; Edvardson et al., 2013; Indellicato et al.,
2020), encodes an enzyme that is crucial for sialoglycan
formation and therefore contributes to critical processes in
the mammalian forebrain, such as sialylation of glycoproteins,
oligodendrogenesis and ultimately myelin formation, with
numerous roles in cell adhesion, synaptic plasticity and neuronal
communication (Kolter et al., 2002; Wang, 2009; Audry et al.,
2011; Yoo et al., 2015).
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FIGURE 5 | Assessment of motor impulvisity in St3gal3 HET mice with the reaction time task. (A,C) Mean proportion of correct responses (depending on the delay
between first and second nosepoke) made by males (A) and females (C) in the training and test phases. (B,D) Average number of premature nosepokes made by
males (B) and females (D) in the training and test phases, depending on the delay between first and second nosepoke. A strongly significant effect of the delay on
premature responses and correct responses was observed in both cohorts (p < 1e-08). In males, a genotype effect in the proportion of correct responses (A) was
also detected in the test (F1,47 = 5.16, p = 0.02774) and training (F1,47 = 9.475, p = 0.003471) phases, but no effects in the number of premature responses were
seen. In females, we observed a significant effect of the genotype x delay interaction in the proportion of correct responses (F2,44 = 4.624, p = 0.01504), as well as a
significant genotype effect in the number of premature responses during the test phase (F1,15 = 5.236, p = 0.03706). Data were analyzed with FlowR using a
generalised linear binomial modelling with random error estimation (F-test) to prevent significance overestimation due to overdispersion. Data are shown as
mean ± SEM.

In concordance with the human phenotypes caused by
loss-of-function mutations, St3gal3 null mutant mice are
characterized by marked cognitive deficits, reduced motor
coordination and hyperactive behavior (Yoo et al., 2015) as
well as spontaneous non-lethal epileptic seizures (Jamey Marth,
personal communication; also see: www.jax.org/strain/006899).
All these profound abnormalities might be the consequence
of a disrupted myelination process. The question remains
how severe neurological and cognitive alterations resulting
from ST3GAL3 homozygous inactivation help to understand
ADHD-related pathophysiology? Indeed, deficient ST3GAL3
activity may be a key factor in ADHD pathogenesis for
several reasons. First, dysregulated myelin formation may
compromise the developmental trajectory leading to ADHD
(Lesch, 2019). Several diffusion tensor imaging (DTI) studies
and meta-analyses revealed alterations in white matter integrity
assessed by fractional anisotropy in cortico-striatal tracts and
commissural tracts of the corpus callosum, all of them relevant
for ADHD pathophysiology as well as to ADHD-associated
impairment of cognitive performance (van Ewijk et al., 2012;

Chen et al., 2016). Thus, our findings support the notion
that a more subtle alteration in ST3GAL3 function, e.g.,
through common risk variants, may underlie distinct dimensions
of ADHD symptomatology, such as inattention or working
memory impairment, whereas loss-of-function mutations lead
to severe phenotypes. In agreement with this notion, a recent
study found that a large set of ID-causing genes, including
ST3GAL3, contributes to ADHD risk via common variants
(Klein et al., 2020).

Experimental animal models represent an invaluable source of
information to explore the contribution of individual genes to
human disorders (Homberg et al., 2021). However, null mutant
models exhibiting a complete inactivation of a given gene may
be inadequately informative in the case of genetically complex
diseases, in which each risk gene contributes to vulnerability
only modestly. We consequently focused our study on St3gal3
HET mice. Our results show that HET mice display a gene dose-
dependent 50% reduction in St3gal3 expression. Interestingly,
such a reduction was sufficient to give rise to expression changes
of several genes and a myelination-related protein. In the
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FIGURE 6 | (Continued)
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FIGURE 6 | Expression analysis of genes involved in the myelination process. (A) Relative mRNA levels of 7 myelination biomarkers in the hippocampus of St3gal3
mice (HET: n = 21, WT: n = 13). A trend toward a reduction of Mbp expression levels in females was observed (sex: F1,43 = 3.671, p = 0.062). (B) Protein levels of
the myelination markers MBP and PLP in the hippocampus of St3gal3 male mice (HET: n = 7, WT: n = 8). Representative blots are shown in each case. No
differences were observed for any of the analyzed proteins. (C) Relative mRNA levels of 7 myelin biomarkers in the PFC of St3gal3 mice (HET: n = 19, WT: n = 14).
A significant genotype effect on Plp2 levels was found (genotype: F1,42 = 5.142, p = 0.0286). A trend toward a reduction of Plp1 expression levels in females
(regardless from genotype) was also observed (sex: F1,43 = 3.936, p = 0.0537). (D) Protein levels of the myelination markers MBP and PLP in the PFC of St3gal3
male mice (HET: n = 7, WT: n = 8). Representative blots are shown in each case. A significant reduction in MBP protein levels was observed in HET mice (t = 2.411,
p = 0.0409). qPCR data were analyzed by two-way ANOVA and presented as mean ± SEM. Western blot data were analyzed by Student’s t-test with Welch’s
correction and presented as violin plots with median + quartiles. *p < 0.05. For simplicity, only genotype effects are indicated in the figures.

FIGURE 7 | Expression analysis of genes involved in the generation and differentiation of oligodendrocytes. (A) Relative mRNA expression of the oligodendrocyte
progenitor markers Olig2 and Cspg4 in the hippocampus of St3gal3 mice (HET: n = 21, WT: n = 13). No significant differences were found. (B) Relative mRNA
levelsexpression of the oligodendrocyte progenitor markers Olig2 and Cspg4 in the PFC (HET: n = 19, WT: n = 14). A significant effect of genotype on Cspg4
expression levels was seen (genotype: F1,42 = 7.961, p = 0.0073). Data were analyzed by two-way ANOVA followed by Sidak post hoc test and presented as
mean ± SEM. **p < 0.01.

PFC, the effects of St3gal3 deficiency were largely restricted to
myelination markers, with downregulation of Plp2 and Cspg4
as well as a 50% reduction in MBP, a major constituent of
the myelin sheath in brain. Consistent with our observation, a
previous study revealed that the expression level of MBP, was
also reduced in the brain of St3gal3 null mutant mice, along
with a significant reduction in the number of myelinated axons
in the corpus callosum (Yoo et al., 2015). The fact that partial

loss of St3gal3 resembles the molecular signatures of complete
depletion further highlights the critical role of ST3GAL3 function
in brain plasticity.

In the hippocampus of St3gal3-deficient mice, the strongest
expression differences were observed for several genes
related to glycoprotein sialylation. Specifically, the two
polysialyltransferases, St8sia4 and St8sia2 (responsible for
the attachment of polySia to several adhesion molecules) were
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FIGURE 8 | (Continued)
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FIGURE 8 | Expression analysis of genes involved in the polysialylation process. (A) Relative mRNA level of genes involved in the (poly)sialylation process in the
hippocampus of St3gal3 mice (HET: n = 21, WT: n = 13). A significant genotype effect on Cadm1 levels was observed (genotype: F1,43 = 4.124, p = 0.0485). We
detected a genotype main effect (genotype: F1,43 = 5.624, p = 0.0223) as well as a significant genotype × sex interaction (F1,43 = 4.736, p = 0.0351) on the levels
of St8sia2 expression; post hoc analysis revealed an upregulation in HET male mice compared to WT male mice (post hoc p = 0.0083) and HET females (post hoc
p = 0.0481). A genotype effect was also observed for St8sia4 (genotype: F1,43 = 7.538, p = 0.0088). (B) Protein levels of the adhesion molecules NCAM (isoforms
NCAM-180, NCAM-140, and NCAM-120) and SynCAM 1 in the hippocampus of St3gal3 male mice (HET: n = 7, WT: n = 8). Representative blots are shown in each
case. No differences were observed for any of the analyzed proteins. (C) Relative mRNA level of genes involved in the polysialylation process in the PFC of St3gal3
mice (HET: n = 19, WT: n = 14). A significant sex effect was observed in Cadm1 (sex: F1,42 = 5.495, p = 0.0239). Trends toward sex and genotype effects were
found for Ncam1 (sex: F1,42 = 3.105, p = 0.0853; genotype: F1,42 = 2.981, p = 0.0916). A significant sex effect on St8sia4 expression was also detected
(F1,42 = 5.558, p = 0.0231). (D) Protein levels of the adhesion molecules NCAM (isoforms NCAM-180, NCAM-140, and NCAM-120) and SynCAM 1 in the
hippocampus of St3gal3 male mice (HET: n = 7, WT: n = 8). Representative blots are shown in each case. No differences were observed for any of the analyzed
proteins. qPCR data were analyzed by two-way ANOVA followed by Sidak post hoc test (when necessary) and presented as mean ± SEM. Western blot data were
analyzed by Student’s t-test with Welch’s correction and presented as violin plots with median + quartiles. #p < 0.1, *p < 0.05, **p < 0.01. For simplicity, only
genotype effects are indicated in the figures.

FIGURE 9 | Analysis of polysialylated proteins in different brain regions of the mouse brain. (A–C) Representative images of immunoblots of PSA in hippocampus
(A), PFC (B), and Striatum (C). (D) Quantification of PSA levels, normalized to α-tubulin (HET: n = 8, WT: n = 7). Data were analyzed by two-way ANOVA and
presented as mean ± SEM.

upregulated. Interestingly, several association studies have
identified ST8SIA2 (also known as SIAT8B) as a risk gene
for several neurodevelopmental and psychiatric disorders,
including autism spectrum disorder (ASD) (Anney et al., 2010),
bipolar disorder (McAuley et al., 2012) and schizophrenia
(Arai et al., 2006; Tao et al., 2007; McAuley et al., 2012).
These findings are further supported by the identification of
loss-of-function mutations implicating ST8SIA2 in patients
with schizophrenia (Isomura et al., 2011) and ASD with
epilepsy (Kamien et al., 2014). A ST8SIA2 haplotype has
also been shown to have differential effects in patients with

psychotic disorders and healthy subjects on white matter
integrity of the parietal lobe (Fullerton et al., 2018). In addition,
St8sia2 null mutant mice display behavioral symptoms that
resemble those from patients with psychoses, such as cognitive
dysfunction, deficits in prepulse inhibition, and increased
sensitivity to amphetamine-induced locomotion (Kröcher
et al., 2015). The upregulation of St8sia4 and St8sia2 observed
in the brain of St3gal3 HET mice may be interpreted as a
compensatory mechanism to the reduction in St3gal3 expression,
in order to maintain the levels of PSA glycoproteins such
as PSA-NCAM1 or PSA-SynCAM1 (PSA-CADM1). Indeed,
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in our study Cadm1 expression was also upregulated in the
hippocampal region of St3gal3 HET mice, possibly as a result
of the same compensatory mechanism. CADM1 is essential
for many neurodevelopmental processes including myelination
(Niederkofler et al., 2010). Additionally, a study with a mouse
model harboring a dominant negative mutation in Cadm1
underscores a relationship between CADM1 function and
ADHD-like behaviors (Sandau et al., 2012). Of note, CADM1
shows broadly overlapping expression with NCAM1 during
brain development, but its protein product SynCAM1 is
specifically polysialylated in the NG2 cells (Schnaar et al., 2014),
which are considered progenitor cells types for oligodendrocytes,
astrocytes, and neurons (Dimou and Gallo, 2015). Probably
in cojunction with the upregulation of Cadm1 and the
polysialyltransferases St8sia4 and St8sia2, St3gal3 HET mice
present with a downregulation of Cspg4, which encodes the
proteoglican NG2, the only common marker of all NG2-specific
cells (Dimou and Gallo, 2015).

Nevertheless, despite the robust alterations in the mRNA
expression of several genes related to polysialylation, we did not
detect significant changes at the protein level, neither for PSA-
glycoproteins nor for total levels of SynCAM1 or NCAM1. This
is in contrast with the increase in PSA glycoproteins observed
in St3gal3 full knockout mice (Yoo et al., 2015). There are
several explanations to our negative finding. On the one hand,
the upregulation of St8sia4 and St8sia2 could counteract the
effects of St3gal3 partial deficiency. On the other hand, the
fact that St3gal3 deficiency has a greater impact on Cadm1
expression rather than on Ncam1 (which encodes the main
PSA acceptor) could explain why total PSA levels are not
modified in those mice.

The stronger effects on the sialylation-related genes in the
hippocampus compared to PFC might be linked to the higher
rates of adult neurogenesis described in the hippocampus in
comparison to other brain regions. In agreement, PSA is
restricted in adulthood to regions with ongoing neurogenesis and
synaptic plasticity (Galuska et al., 2010; Schnaar et al., 2014).

Strikingly, St3gal3-deficient mice presented with various
behavioral alterations resembling deficits observed in ADHD
patients such as locomotor activity and cognitive performance.
In this regard, male HET mice showed impaired memory in
the place learning task and, it is well known that learning
disabilities are frequently observed in ADHD patients (Andersen
et al., 2013; Tistarelli et al., 2020) and also supported by a
GWAS meta-analysis implicating ST3GAL3 in general cognitive
function (Davies et al., 2018). This deficit is also observed in
null mutant mice (Yoo et al., 2015) and patients with loss-of-
function mutations in ST3GAL3 (Hu et al., 2011; Edvardson
et al., 2013; Indellicato et al., 2020). On the other hand,
HET females demonstrated increased locomotor activity. As
hyperactivity is one of the core features of ADHD, together with
inattention and increased impulsivity (Tistarelli et al., 2020),
moderate deficiency in St3gal3 expression in female HET mice
is able to capture some of the most representative features of
ADHD. Unexpectedly, HET mice appeared to display increased
inhibitory control (increased percentage of correct responses in
the RTT). In agreement with such an increased inhibitory control,

we also observed that HET females made a reduced number
of premature nosepokes per visit during the test phase of the
RTT. Our behavioral findings suggest that the contribution of
ST3GAL3 to ADHD may be restricted to distinct behavioral
domains, such as cognitive performance, learning abilities and
locomotor activity, whereas other traits (attention, impulsivity)
are affected to a lesser extent. However, we cannot rule out that
the effects of St3gal3 deficiency on impulsivity or attention might
be different in younger animals or under stressful conditions
that may act as a second-hit trigger for other dysfunctional
behavioral phenotypes.

Another feature of our findings is the sexual dimorphism. The
locomotor hyperactivity in St3gal3 HET females is in contrast to
the clinical observation of female patients with ADHD, which
tend to show less hyperactivity and more inattention, when
compared to males diagnosed with ADHD. In addition, males
normally suffer more often from comorbid disorders implicating
impaired cognitive control, such as oppositional defiant, conduct
or drug use disorders (Mansouri et al., 2016). However, because
male patients with ADHD tend to display more externalizing
behaviors, ADHD among females remains underdiagnosed
(Slobodin and Davidovitch, 2019). Together, these behavioral
characteristics may be explained by sex-specific differences at
the molecular level that impact brain (cyto)architecture and
synaptic plasticity (Manoli and Tollkuhn, 2018). Accordingly,
we identified several genes that were differentially expressed in
males and females, such as Cadm1, St8sia4 and Ncam1 in the
PFC, among others.

In conclusion, our findings indicate that haploinsufficiency
of ST3GAL3 results in a sex-dependent alteration of cognition,
behavior and markers of brain plasticity. The St3gal3-
haplodeficient mouse proved to represent a remarkably
informative model to better understand the contribution of
ST3GAL3 variation to ADHD risk. Our results thus support
ST3GAL3 as a key hub in the pathway toward innovative
strategies to prevent or treat cognitive and behavioral deficits
related to ADHD pathophysiology.
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The Brain-Derived Neurotrophic
Factor Val66Met Polymorphism Is
Associated With Female
Obsessive-Compulsive Disorder: An
Updated Meta-Analysis of 2765
Obsessive-Compulsive Disorder
Cases and 5558 Controls
Yanan Shang 1†, Na Wang 2†, En Zhang 3†, Qian Liu 1, Hengfen Li 1 and Xiaofeng Zhao 1*

1Department of Psychiatry, First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 2Department of Neurological

Rehabilitation, Second Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 3Department of Psychiatry, The Fourth

Hospital of Wuhu City, Wuhu, China

Objective: Accumulated evidence has implicated that brain-derived neurotrophic factor

(BDNF) gene polymorphisms play a role in the etiology of obsessive-compulsive disorder

(OCD). A single nucleotide polymorphism in the coding exon of the BDNF gene at position

66, Val66Met (rs6265), is found to be associated with OCD in different populations, but

results linking Val66Met with OCD have been inconsistent and inconclusive. In our study

we performed a meta-analysis to further examine whether rs6265 genetic variants are

involved in the etiology of OCD.

Methods: By searching databases, relevant case-control studies were retrieved; using

established inclusion criteria, we selected eligible studies for analysis.

Results: Thirteen studies were identified that examined the association between the

rs6265 polymorphism and OCD. After statistical analyses, no significant association was

found between the rs6265 polymorphism and OCD (OR = 1.07, 95% CI = 1.00–1.15, P

= 0.06 for genotype; OR = 1.06, 95% CI = 0.98–1.15, P = 0.15 for allele). However, in

gender-specific analysis, female Val carriers might be a risk factor for OCD (OR = 1.36,

95% CI= 1.03–1.80, P= 0.03 for genotype; OR= 1.15, 95% CI= 1.01–1.32, P= 0.04

for allele).

Conclusion: Our updated meta-analysis suggests that female carriers of the Val66Met

BDNF polymorphism might be more suspectable to develop OCD.

Keywords: Val66Met polymorphism, brain-derived neurotrophic factor (BDNF) gene, obsessive-compulsive

disorder (OCD), meta-analysis, female

188

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2021.685041
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2021.685041&domain=pdf&date_stamp=2022-01-12
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zxf0605004@163.com
https://doi.org/10.3389/fpsyt.2021.685041
https://www.frontiersin.org/articles/10.3389/fpsyt.2021.685041/full


Shang et al. Association Between BDNF and OCD

INTRODUCTION

It has been demonstrated by twin studies that genetic factors
play a key role in the etiology of obsessive-compulsive disorder
(OCD) (1). While these genetic factors account for 27–65% of
the variance in this disorder (1), its etiology has not been clearly
elucidated in the past decades.

The brain-derived neurotrophic factor (BDNF) gene is
considered to be one of the candidate genes of psychiatric
disorders, as it is widely expressed in the brain and plays a major
role in neurogenesis, neuronal growth, maturation, survival,
synaptic plasticity, and microarchitectural integrity (2, 3). BDNF
is also considered to play a role in regulating mood and behavior,
and abnormalities in the expression of this gene have been
involved in major anxiety disorder, depressive disorder, and
OCD. Preclinical studies have shown that levels of BDNF are
drastically decreased in the serum and brain tissue of rats with
obsessive-compulsive disorder compared to a control group (4).
In a clinical study, Maina was the first to demonstrate that levels
of serum BDNF were significantly decreased in OCD patients
compared to normal controls (5). Following that study, Wang et
al. (6) suggest that BDNF is involved in the etiology of OCD, and
may be a peripheral marker indicating neurotrophic impairment
in OCD similarly, Suliman et al. demonstrated that peripheral
BDNF levels in OCD patients were significantly lower compared
with that of normal controls with this data, it can be speculated
that the BDNF gene is involved in the etiology of OCD.

Researchers have extensively focused on the BDNF
polymorphism, Val66Met, also known as G196A or rs6265
(7). This polymorphism influences the activity of BDNF and

FIGURE 1 | The process of independent studies for inclusion in this meta-analysis.

impairs BDNF signal transduction, and therefore may be a
possible candidate gene involved in the etiology of OCD (7).
While previous evidence suggests that the rs6265 polymorphism
is involved in the etiology of OCD, the outcomes of such studies
have been inconsistent and even contradictory. Findings from
the latest meta-analytic investigation by Wang et al. in 2019
provide little support for the Val66Met variant as a predictor
of OCD (8). In order to derive a more putative conclusion, an
updated meta-analysis was performed to study the connection
between the rs6265 polymorphism of the BDNF gene and the
risk of OCD.

METHODS

Inclusion Criteria
(1) All studies investigated the association between OCD and
Val66Met, G196A, or rs6265 polymorphisms. (2) OCD was
diagnosed according to the Diagnostic and Statistical Manual
of Mental Disorders (DSM) or the International Classification
of Diseases (ICD) and included DSM-III, DSM-III-R, DSM-IV,
DSM-IV-R, and ICD-10. (3) The study had a patient group with
OCD and a control group. (4) The study included samples from
varied ethnic backgrounds. (5) The frequencies of each allele and
genotype met the criteria for Hardy-Weinberg disequilibrium in
both case and control groups.

Search Strategy
This meta-analysis was conducted according to PRISMA
guidelines. The English databases used for retrieval were
PubMed, Cochrane, Web of Science, Embase, PsycINFO,

Frontiers in Psychiatry | www.frontiersin.org 2 January 2022 | Volume 12 | Article 685041189

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Shang et al. Association Between BDNF and OCD

TABLE 1 | Summary of studies examining the relationship between the BDNF val66met polymorphism and OCD.

References Race Results Genotype Allele

Case (n) Control (n) Case (n) Control (n)

Val/Val Val/Met Met/Met Val/Val Val/Met Met/Met Val Met Val Met

Wendland et al. (10) Caucasian No association 192 92 11 428 206 23 476 114 1,062 252

Hemmings et al. (11) Caucasian val66met variant associated with

male EO OCD

73 33 6 95 43 2 179 45 233 47

Katerberg et al. I (12) Caucasian Val associated with

sexual/religious obsessions

128 62 9 76 36 3 318 80 188 42

Katerberg et al. II (12) Caucasian Val associated with

sexual/religious obsessions

132 75 13 352 166 17 339 101 870 200

Wang et al. (13) Chinese Han No association 31 76 41 24 51 19 138 158 99 89

Da Rocha et al. (14) Caucasian Met allele associated with OCD 83 33 11 98 21 8 199 55 217 37

Tükel et al. (15) Caucasian No association 23 54 23 29 51 30 100 100 109 111

Hemmings et al. (18) Caucasian No association 85 33 3 131 50 6 203 39 312 62

Liu et al. (17) Chinese Han No association 40 107 43 60 167 82 187 193 287 331

Márquez et al. (16) NS Val/Val associated with OCD 179 47 6 162 99 22 405 59 426 143

Liu et al. (19) Chinese Han val66met variant associated with

OCD

101 166 54 110 221 105 368 274 431 421

Wang et al. (20) Chinese Han No association 31 76 41 24 54 21 138 158 102 96

Umehara et al. (21) Japanese No association 59 83 33 686 1,002 339 201 149 2,374 1,680

Taj et al. (22) Indian Met allele play a protective role in

OCD

277 91 9 299 133 17 645 109 731 167

BDNF, brain-derived neurotrophic factor; OCD, obsessive-compulsive disorder.

PsycARTICLE, and the Chinese database was CNKI, CBM and
WANFANG. The deadline is September 2020. In order to search
OCD and BDNF rs6265 articles in the database more widely, no
further restrictions were added. All published papers examined
the association between OCD and the BDNF Val66Met
polymorphism. The keywords “Brain-derived neurotrophic
factor (BDNF),” “Brain Derived Neurotrophic Factor,” “Factor,
Brain-Derived Neurotrophic,” “Neurotrophic Factor, Brain-
Derived,” “BDNF,” “obsessive-compulsive disorder (OCD),”
“Obsessive-Compulsive Neuroses,” “Val66Met,” “rs6265,”
“G196A,” and “196G/A” were used to search the articles. We
also examined all the references cited in the identified articles,
as well as those cited in relevant review articles. The quality
of the included studies was evaluated, and publication bias
was evaluated.

Data Extraction
From each enrolled article, data were extracted; including the
name of the first author, year of publication, ethnicity of
samples, diagnostic criteria of OCD, exclusion criteria, sample
size (number of cases and controls), sample age, sex ratio,
experimental design, severity of symptoms, and the available
genotype information of the BDNF Val66Met polymorphism. To
prevent potential errors, all data were extracted independently
by the three authors, and a discussion within the research group
resolved any disagreement.

Data Analysis and Statistical Methods
The data analysis and statistical methods were based on previous
research methods (9).

Description of Studies Identified in
Meta-Analysis
Through our search strategy, we identified 105 linked research
papers with potential. After reading the abstracts and full
compilations of the studies, 65 of them did not meet the inclusion
criteria andwere not able to be included (Figure 1). At the end, 13
available case-control studies were selected; including Wendland
et al. (10), Hemmings et al. (11), Katerberg et al. (12), Wang et
al. (13), Da Rocha et al. (14), Tükel et al. (15), Marquez et al.
(16), Liu et al. (17), Hemmings et al. (18), Liu et al. (19), Wang
et al. (20), Umehara et al. (21), and Taj et al. (22). One of the
papers included separate data on two different groups of patients
(12). After discussion within the research group, it was decided
that two dependent sample data was still available, and therefore
there were 13 articles in total included. Finally, all together there
are 2765 OCD patients and 5558 psychiatrically healthy controls
included. Table 1 lists the detailed characteristics of each study.

RESULTS

Studies selected by the database searches examined the
relationship between patients with OCD and Val66Met
polymorphism distributions in the following populations:
Chinese Han (n = 4), Caucasian (n = 7), Japanese (n =

1), Indian (n = 1) (Table 1). Polymerase chain reaction-based
methods were used to identify the genotype and allele frequencies
of both OCD patients and control subjects in all studies. The
modified Newcastle-Ottawa scale (NOS) was used for quality
assessment of the included studies, and the evaluation results are
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TABLE 2 | The clinical characteristics of the included studies.

Characteristics Sample size Sex (male/female) Age Design Exclusion criteria Diagnosis Measure to assess

symptom severity

Wendland et al. (10) 925 Not mentioned ≥18 Case-control study Active schizophrenia or psychosis, severe mental

retardation that does not permit an evaluation to

characterize OCD, or OCD symptoms that occur

exclusively in the context of depression were excluded

DSM-IV criteria Y-BOCS

Hemmings et al. (11) 252 90/162 9–65 Case-control study Not meet the DSM-IV criteria (APA 1994) for a primary

diagnosis of OCD on the Structured Clinical Interview for

Axis I disorders Patient Version were excluded.

DSM-IV criteria Y-BOCS-SS

Katerberg et al. (12) 755 345/410 Not mentioned Case-control study Not meet the DSM-IV criteria were excluded. DSM-IV criteria Y-BOCS-SS

Katerberg et al. (12) 314 133/181 Not mentioned Case-control study Not meet the DSM-IV criteria were excluded. DSM-IV criteria Y-BOCS-SS

Wang et al. (13) 242 139/103 18–64 Case-control study Severe physical illness, psychoactive substance abusers,

serious suicide attempts, pregnant or lactating women

were excluded.

DSM-IV criteria Y-BOCS

Da Rocha et al. (14) 254 Not mentioned Not mentioned Case-control study Not mentioned DSM-IV criteria Not mentioned

Tükel et al. (15) 210 80/130 17–50 Case-control study Current psychiatric disorder other than OCD diagnosed

with the SCID-I/CV, history of alcohol and/or drug

abuse/dependence, neurological disease, pregnancy or

lactation, medical disorders that may have a causal

relationship with OCD

DSM-IV criteria Y-BOCS

Márquez et al. (16) 515 260/255 Not mentioned Case-control study Not mentioned DSM-IV-TR criteria Y-BOCS

Liu et al. (17) 499 223/276 13–75 Case-control study Severe physical disorder, abuse of psychoactive

substances, pregnancy or lactation

DSM-IV criteria Y-BOCS

Hemmings et al. (18) 322 134/188 12–72 Case-control study History of neurological disease, schizophrenia,

schizo-affective disorder, other psychotic conditions or a

history of substance dependence, as determined from

the interviews or previous medical records

DSM-IV criteria Y-BOCS

Liu et al. (19) 747 414/333 ≥18 Case-control study Serious psychiatric diseases other than OCD or related

family history, history of alcohol and/or drug

abuse/dependence; any serious concomitant general

medical condition or neurological disease except

depression, phobia, anxiety or TS; history of medical

disorders that may have a causal relationship with OCD;

and pregnancy or lactation

DSM-IV criteria Y-BOCS

Wang et al. (20) 247 143/104 16–64 Case-control study Met any other DSM-IV axis I diagnosis; had any prior or

current suicide attempts; were pregnant or lactating; or

were in physical health such that they could not

complete the study were excluded.

DSM-IV criteria Y-BOCS

Umehara et al. (21) 2206 937/1265 Not mentioned Case-control study Patients comorbid with other axis I disorders were

excluded.

DSM-IV criteria Y-BOCS

Taj et al. (22) 826 Not mentioned Not mentioned Case-control study Patients with co-morbid psychosis, bipolar disorder and

mental retardation were excluded

DSM-IV criteria Y-BOCS

Axis I disorders (including dementia, substance abuse, dysthymia, panic disorder, obsessive-compulsive disorder, and generalized anxiety disorder); DSM-IV; the 4th edition of the diagnostic and statistical manual of mental disorder;

DSM-IV-TR, DSM-IV-text version; Y-BOCS, Yale-Brown Obsessive Compulsive Scale; APA, American Psychological Association; Y-BOCS-SS, the Y-BOCS severity scale; SCID-I/CV, DSM-IV-TR Axis I disorders were examined using

clinical protocols.
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FIGURE 2 | Results of the random-effects meta-analysis for the BDNF Val66Met allele (Val vs. Met) in OCD and control groups.

shown in Supplementary Table 1. The exclusion of articles with
low scores (14) did not affect the results after statistical analysis,
and detailed data can be seen in the Supplementary Figure 1

and Supplementary Table 2.
The studies included in Table 2 permitted our team to make

planned comparisons of allele and genotype frequencies between
OCD cases and controls. Prior studies have shown that the Val
allele is linked with higher activity of the BDNF system when
compared with the Met allele; therefore, we grouped the data for
this meta-analysis according to the law of dominant or recessive
modeling. We hypothesized that the Val genotype is required to
confer susceptibility to OCD. The Stata software (Version15.0)
was used to analyze the data.

We also hypothesized that the Met allele is required to
see a susceptibility to OCD. The between-study heterogeneity
results hinted that the effect each individual study size had was
statistically significant (I2 = 72.6%, P = 0.00; Figure 2). The
pooled OR from these studies was 1.06 (95% CI = 0.98–1.15, z
= 1.43, P = 0.15), denoting that there was no link between the
Met allele and OCD.

Additionally, we hypothesized that in different populaces,
the Met allele is linked with OCD, and proceeded to execute
separate analyses in Eastern and Western populations. The
between-study heterogeneity results hinted that in the Eastern

population, the effect of study size was statistically significant
(I2 = 60.0%, P = 0.03; Figure 2). The pooled OR from these
studies was 1.10 (95% CI = 0.99–1.22, z =1.71, P = 0.09),
hinting there was no link between the Met allele and OCD in the
Eastern population. Similarly, no association was identified in the
Western populations (OR = 1.01, 95% CI = 0.90–1.14, z = 0.22,
P = 0.83; Figure 2).

Following our primary analysis, we hypothesized that the
Met/Met genotype is a risk factor for OCD. It was suggested by
the between-study heterogeneity results that the effect of sample
size of each study was insignificant (I2 = 61.1%, P = 0.00). The
pooled OR from these studies was 1.07 (95% CI = 1.00–1.14, z
= 1.86, P = 0.06; Figure 3), indicating no association between
the Met/Met genotype and OCD. Similarly, we also compared
the Met/Met genotype vs. Val/Met+Val/Val alleles in the Eastern
and Western populations, in order to explore their relationship
with OCD further. We found that the results did not change in
either the Eastern or Western population (OR = 1.10, 95% CI =
0.99–1.22, z = 1.71, P = 0.09; OR = 1.01, 95% CI = 0.90–1.14,
z = 0.22, P = 0.83, respectively; Figure 3). Previous studies have
demonstrated that sex-specific genetic architecture is a risk factor
for OCD; thus, we compared Val vs. Met carriers in male and
female groups. In gender-specific analysis, the female Val carriers
pose as a risk factor for OCD (OR = 1.15, 95% CI = 1.01–1.32,
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FIGURE 3 | Results of the random-effects meta-analysis for the BDNF Val66Met genotype (Val/Val+Val/Met vs. Met/Met) in OCD and control groups.

P = 0.04 for allele; OR = 1.36, 95% CI = 1.03–1.80, P = 0.03 for
genotype; Figure 4). No associations were found between male
Val carriers and OCD (OR= 1.09, 95% CI= 0.94–1.26, P = 0.25
for allele; OR= 1.13, 95% CI= 0.84–1.56, P= 0.46 for genotype;
Figure 5).

Sensitivity Analyses
The 13 studies we screened evaluated Val66Met polymorphisms
using small sample sizes, indicating possible differences in
genotype frequency and/or population stratification. We then
performed a sensitivity analysis that excluded these studies one
by one. However, the outcomes of the meta-analysis were not
changed by sensitivity analysis (Figure 6).

Publication Bias
The Begg-Mazumdar test for the BDNFVal66Met polymorphism
demonstrated a low possibility of publication bias (z = −0.91,
P = 0.363), and the Egger’s test showed no significant results
(t = −1.02, P = 0.86). Thus, we deduced there was no
publication bias.

DISCUSSION

The currently updated meta-analysis is the most recent
quantitative collection of available results from gene-psychiatric

disorder association studies. The main findings of our studies
indicate that the Val66Met polymorphism is not associated with
OCD. Two prior meta-analyses have indicated that the Val66Met
polymorphism is not related to OCD, which was in agreement
with our findings (8, 20).

We first compared the gene gender-specific interaction effects
in the etiology of OCD using a meta-analysis method. The main
finding of this study is that in gender-specific analysis, the female
Val carriers might be a risk factor for OCD (OR= 1.36, 95% CI=
1.03–1.80, P= 0.03 for genotype; OR= 1.21, 95%CI= 1.04–1.40,
P = 0.01 for allele).

Sex differences in OCD etiology indicate a protective role
of estrogens. It has been reported that male OCD patients
display symptoms at a younger age and with more severe
outcomes when compared to female patients (23), suggesting
that sex differences may play a role in the progression of
OCD. Furthermore, during the menstrual cycle, there are
significant alternations in peripheral levels of BDNF, and BDNF
levels have been strongly correlated with estradiol levels in
females (24). In addition, Sohrabji et al. (25), demonstrated
that through the estrogen response element’s influence on
the BDNF gene, the expression of BDNF could be regulated
by estrogen. Even more, estrogen and some neurotrophins
share certain signaling pathways (26), which explains how
the BDNF gene is involved in the etiology of OCD. It also
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FIGURE 4 | Results of the random-effects meta-analysis for the BDNF Val66Met Val carriers in male OCD and control groups, respectively.

supports the notion that estrogens play a protective role in
OCD development.

The results from Atmaca and Fouch (27, 28) demonstrated
that subjects with OCD had smaller hippocampus volumes
than controls. According to Egan et al. (29) and Hariri
et al. (30), the Met allele is associated with abnormal
hippocampal activation. Similarly, Egan has demonstrated
that the BDNF Met allele significantly reduces the activity-
dependent secretion of BDNF when compared with the
Val allele (31). Therefore, the Met/Met genotype results in
low BDNF protein activity and contributes to decreased
hippocampus volumes, as seen in patients with OCD. Based
on these findings and our results, we can speculate that the
BDNF Val66Met polymorphism may confer susceptibility of
hippocampus volumes in patients with OCD, and that is involved
in the etiology of OCD.

Data that suggests there is no association of the Val66Met
polymorphism with OCD is that the Met allele distributions
range from 0 to 72% across different populations. This might
explain the inconsistent results in different ethnic-backgrounds
(32). The other possible explanation for the lack of association
between the BDNF Val66Met polymorphism and OCD is

the phenotypic heterogeneity of patients in the OCD sample.
Selecting cases according to diagnostic criteria cannot assure
an etiologically homogenous sample, because the diagnosis
of OCD focuses on symptom-based criteria. Additionally, in
the etiological mechanism behind OCD, the BDNF Val66Met
polymorphism might not be directly involved, and may function
instead to modulate disease development, such as symptom
dimensions, age of onset, symptom severity, and family history
of symptoms (10, 33–35). It is worth mentioning that the
involvement of the BDNF gene may vary among distinct
subtypes of OCD. Therefore, it is also possible that SNPs in
the BDNF gene may only affect some of the symptoms of
OCD (11, 12). Moreover, the Val66Met polymorphism may be
in linkage disequilibrium with other functional polymorphisms
of the BDNF gene, or in regulatory regions, such as BDNF
C-270T, rs11030104, and rs10501087 (36–38). Combine these
all together, it could be theorized that the rs6265 variant
probably does not have a direct effect, but is in linkage
disequilibrium with another causal variant. It can also be
assumed that the linkage disequilibrium of rs6265, C-270T,
rs11030104, and rs10501087may vary among ethnic populations,
thus contributing to the susceptibility to OCD. This may answer
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FIGURE 5 | Results of the random-effects meta-analysis for the BDNF Val66Met Val carriers in female OCD and control groups.

the inconsistency seen in the results from studies evaluating
the association between the rs6265 polymorphism and OCD in
different populaces.

A recent investigation highlighted that those individuals with
obsessive–compulsive disorder (OCD) has comorbid lifetime
diagnoses of major depressive disorder (MDD; rates <70%).
Overlap exists in some common genetic variants (BDNF gene, for
example) found across the affective/anxiety disorder spectrums
(38). However, according to several meta-analysis of Val66Met
polymorphism in the BDNF gene and MDD, the majority
of them concluded that Val66Met polymorphism was not
associated with MDD (39–41). Verhagen et al. suggested that
the BDNF Val66Met polymorphism is of greater importance in
the development of MDD in men than in women, while we
reported that Val66Met polymorphism is of greater importance
in the development of OCD in woman than in men. Future
research into gender issues of these two diseases will be of
interest (40).

Finally, in order to avoid the shortcomings of previous
case-control and family-based studies in elucidating genes
that contribute to psychiatric disorders, an endophenotype-
based analysis has been recently adopted. This approach

allows for a biological underpinning for diagnosis and
classification, a net outcome to be established, and
may help to identify the susceptibility of genes in
the etiology of OCD. Future studies should adopt the
endophenotype approach to improve ability to detect
susceptibility loci in OCD in order to elucidate its
etiology fully.

One major limitation for this study is that except for
different genetic background, negative life events, personality,
gender and environmental factors may also involve in the
etiology of OCD. As it has been demonstrated that exposure
to stressful life events before the onset of the illness seems
to confer an increased risk for OCD. OCD probands have a
significantly greater prevalence of ‘anxious’ personality disorders
in general and avoidant and obsessive-compulsive personality
disorders as compared to controls (39–41), while environmental
influences have shown a modest but significant impact on the
OCD (42). Thus, in future study we combine BDNF val66met
polymorphism, subclinical and environment factors interaction
in the etiology of OCD. It has been demonstrated that gene–
environment interactions are more likely to be involved in the
etiology of OCD.
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FIGURE 6 | Results of sensitivity analysis.

To conclude, our updated study suggests that the female
BDNFVal66Met Val carriers may have an increased susceptibility
to OCD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

XZ and HL conceived and designed the experiments. YS, NW,
and EZ performed the experiments. QL and NW analyzed the
data. YS wrote the article. All authors contributed to the article
and approved the submitted version.

FUNDING

ANational Natural Science Foundation of China (No. 81371494)
supported this study.

ACKNOWLEDGMENTS

We would like to thank all the subjects who served as
research participants.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.685041/full#supplementary-material

REFERENCES

1. van Grootheest DS, Cath DC, Beekman AT, Boomsma DI. Twin studies

on obsessive-compulsive disorder: a review. Twin Res Hum Genet. (2005)

8:450–8. doi: 10.1375/twin.8.5.450

2. Park H, Poo MM. Neurotrophin regulation of neural circuit development

and function. Nat Rev Neurosci. (2013) 14:7–23. doi: 10.1038/

nrn3379

3. Bathina S, Das UN. Brain-derived neurotrophic factor and its clinical

implications. ArchMed Sci. (2015) 11:1164–78. doi: 10.5114/aoms.2015.56342

4. Guo HR, Huang BL, Wang YL, Zhang YY, Ma QG, Lv PP, et al. Effect of

escitalopram on serum GDNF and BDNF levels and 5-HT level of brain tissue

of obsessive-compulsive disorder rats. Cell Mol Neurobiol. (2020) 40:991–

7. doi: 10.1007/s10571-020-00788-4

5. Maina G, Rosso G, Zanardini R, Bogetto F, Gennarelli M, Bocchio-Chiavetto

L. Serum levels of brain-derived neurotrophic factor in drug-na?ve obsessive-

compulsive patients: a case -control study. J Affect Disord. (2010) 122:174–

8. doi: 10.1016/j.jad.2009.07.009

6. Wang Y, Mathews CA, Li Y, Lin Z, Xiao Z. Brain-derived neurotrophic factor

(BDNF) plasma levels in drug-na?ve OCD patients are lower than those in

Frontiers in Psychiatry | www.frontiersin.org 9 January 2022 | Volume 12 | Article 685041196

https://www.frontiersin.org/articles/10.3389/fpsyt.2021.685041/full#supplementary-material
https://doi.org/10.1375/twin.8.5.450
https://doi.org/10.1038/nrn3379
https://doi.org/10.5114/aoms.2015.56342
https://doi.org/10.1007/s10571-020-00788-4
https://doi.org/10.1016/j.jad.2009.07.009
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Shang et al. Association Between BDNF and OCD

healthy people, but are not lower than those in drug-treated OCD patients. J

Affect Disord. (2011) 133:305–10. doi: 10.1016/j.jad.2011.04.002

7. Chen ZY, Jing D, Bath KG, Ieraci A, Khan T, Siao CJ, et al. Genetic variant

BDNF (Val66Met) polymorphism alters anxiety-related behavior. Science.

(2006) 314:140–3. doi: 10.1126/science.1129663

8. Wang S, Xu X, Yan P, Song M, Li J, Wang S. Is Brain-Derived

Neurotrophic Factor (BDNF) Val66Met polymorphism associated with

obsessive-compulsive disorder? A meta-analysis. Psychiatria Danubina.

(2019) 31:141–7. doi: 10.24869/psyd.2019.141

9. Zhao X, Huang Y, Ma H, Jin Q, Wang Y, Zhu G. Association between major

depressive disorder and the norepinephrine transporter polymorphisms

T-182C and G1287A: a meta-analysis. J Affect Disord. (2013) 150:23–

8. doi: 10.1016/j.jad.2013.03.016

10. Wendland JR, Kruse MR, Cromer KR, Cromer KC, Murphy DL. A large

case-control study of common functional SLC6A4 and BDNF variants in

obsessive-compulsive disorder. Neuropsychopharmacology. (2007) 32:2543–

51. doi: 10.1038/sj.npp.1301394

11. Hemmings SM, Kinnear CJ, Van der Merwe L, Lochner C, Corfield

VA, Moolman-Smook JC, et al. Investigating the role of the brain-

derived neurotrophic factor (BDNF) val66met variant in obsessive-

compulsive disorder (OCD). World J Biol Psychiatry. (2008) 9:126–

34. doi: 10.1080/15622970701245003

12. Katerberg H, Lochner C, Cath DC, de Jonge P, Bochdanovits Z, Moolman-

Smook JC, et al. The role of the brain-derived neurotrophic factor (BDNF)

val66met variant in the phenotypic expression of obsessive-compulsive

disorder (OCD). Am J Med Genet B Neuropsychiatr Genet. (2009) 150b:1050–

62. doi: 10.1002/ajmg.b.30930

13. Wang Y, Xiao ZP, Yu SY, Li Y, Wang DX. Association study of brain-

derived neurotrophic factor gene polymorphism with generalized anxiety

disorder and obsessive-compulsive disorder.Chin J Neuropsychiatr Dis. (2009)

10:623–5. doi: 10.3969/j.issn.1002-0152.2009.10.013

14. Da Rocha FF, Malloy-Diniz L, Lage NV, Corrêa H. Positive

association between MET allele (BDNF Val66Met polymorphism)

and obsessive-compulsive disorder. Rev Bras Psiquiatr. (2010)

32:323–4. doi: 10.1590/S1516-44462010000300023

15. Tükel R, Gürvit H, Ozata B, Oztürk N, Ertekin BA, Ertekin E, et al. Brain-

derived neurotrophic factor gene Val66Met polymorphism and cognitive

function in obsessive-compulsive disorder. Am J Med Genet B Neuropsychiatr

Genet. (2012) 159b:850–8. doi: 10.1002/ajmg.b.32092

16. Márquez L, Camarena B, Hernández S, Lóyzaga C, Vargas L, Nicolini H.

Association study between BDNF gene variants and Mexican patients with

obsessive-compulsive disorder. Eur Neuropsychopharmacol. (2013) 23:1600–

5. doi: 10.1016/j.euroneuro.2013.08.001

17. Liu YH, Liu SG, Kou HY, Zhang XH. Association study of brain-derived

neurotrophic factor (BDNF) genetic polymorphism and obsessivecompulsive

disorder. J Clin Psychiatry. (2013) 1:29–31.

18. Hemmings SM, Lochner C, van der Merwe L, Cath DC, Seedat

S, Stein DJ. BDNF Val66Met modifies the risk of childhood

trauma on obsessive-compulsive disorder. J Psychiatr Res. (2013)

47:1857–63. doi: 10.1016/j.jpsychires.2013.08.012

19. Liu S, Cui J, Niu Z, Yi M, Zhang X, Che F, et al. Do obsessive-

compulsive disorder and Tourette syndrome share a common susceptibility

gene? An association study of the BDNF Val66Met polymorphism in

the Chinese Han population. World J Biol Psychiatry. (2015) 16:602–

9. doi: 10.3109/15622975.2015.1012226

20. Wang J, Zhang F, Zhu W, Liu Y, Zhou Z. Meta-analysis of the

association of brain-derived neurotrophic factor Val66Met polymorphism

with obsessive-compulsive disorder. Acta Neuropsychiatr. (2015) 27:327–

35. doi: 10.1017/neu.2015.38

21. Umehara H, Numata S, Kinoshita M, Watanabe S, Nakaaki S, Sumitani

S, et al. No association between BDNF Val66Met polymorphism and

treatment response in obsessive-compulsive disorder in the Japanese

population. Neuropsychiatr Dis Treat. (2016) 12:611–5. doi: 10.2147/NDT.

S102100

22. Taj MJ RJ, Ganesh S, Shukla T, Deolankar S, Nadella RK, Sen S,

et al. BDNF gene and obsessive compulsive disorder risk, symptom

dimensions and treatment response. Asian J Psychiatr. (2018) 38:65–

9. doi: 10.1016/j.ajp.2017.10.014

23. Castle DJ, Deale A, Marks IM. Gender differences in obsessive

compulsive disorder. Aust N Z J Psychiatry. (1995) 29:114–

7. doi: 10.3109/00048679509075899

24. Matsuki C, To M, Kondo Y, Sugiyama H, Yamamoto Y, Shimizu T, et

al. Associations between brain-derived neurotrophic factor and estradiol in

women’s saliva. Neuro Endocrinol Lett. (2014) 35:236–41.

25. Sohrabji F, Miranda RC, Toran-Allerand CD. Identification of a

putative estrogen response element in the gene encoding brain-

derived neurotrophic factor. Proc Natl Acad Sci USA. (1995)

92:11110–4. doi: 10.1073/pnas.92.24.11110

26. Singh M, S|̈tcl R© G, Guan X, Warren M, Toran-Allerand CD. Estrogen-

induced activation of mitogen-activated protein kinase in cerebral cortical

explants: convergence of estrogen and neurotrophin signaling pathways. J

Neurosci. (1999) 19:1179–88. doi: 10.1523/JNEUROSCI.19-04-01179.1999

27. Atmaca M, Yildirim H, Ozdemir H, Ozler S, Kara B, Ozler Z, et al.

Hippocampus and amygdalar volumes in patients with refractory obsessive-

compulsive disorder. Prog Neuropsychopharmacol Biol Psychiatry. (2008)

32:1283–6. doi: 10.1016/j.pnpbp.2008.04.002

28. Fouche JP, du Plessis S, Hattingh C, Roos A, Lochner C, Soriano-Mas C,

et al. Cortical thickness in obsessive-compulsive disorder: multisite mega-

analysis of 780 brain scans from six centres. Br J Psychiatry. (2017) 210:67–

74. doi: 10.1192/bjp.bp.115.164020

29. Egan MF, Weinberger DR, Lu B. Schizophrenia, III: brain-derived

neurotropic factor and genetic risk. Am J Psychiatry. (2003)

160:1242. doi: 10.1176/appi.ajp.160.7.1242

30. Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, Egan MF, et

al. Brain-derived neurotrophic factor val66met polymorphism affects human

memory-related hippocampal activity and predicts memory performance. J

Neurosci. (2003) 23:6690–4. doi: 10.1523/JNEUROSCI.23-17-06690.2003

31. EganMF, KojimaM, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, et

al. The BDNF val66met polymorphism affects activity-dependent secretion of

BDNF and human memory and hippocampal function. Cell. (2003) 112:257–

69. doi: 10.1016/S0092-8674(03)00035-7

32. Petryshen TL, Sabeti PC, Aldinger KA, Fry B, Fan JB, Schaffner SF, et al.

Population genetic study of the brain-derived neurotrophic factor (BDNF)

gene.Mol Psychiatry. (2010) 15:810–5. doi: 10.1038/mp.2009.24

33. Hall D, Dhilla A, Charalambous A, Gogos JA, Karayiorgou M. Sequence

variants of the brain-derived neurotrophic factor (BDNF) gene are strongly

associated with obsessive-compulsive disorder. Am J Hum Genet. (2003)

73:370–6. doi: 10.1086/377003

34. Zai G, Arnold P, Strauss J, King N, Burroughs E, Richter MA,

et al. No association between brain-derived neurotrophic factor

gene and obsessive-compulsive disorder. Psychiatr Genet. (2005)

15:235. doi: 10.1097/00041444-200512000-00002

35. Alonso P, Gratacòs M, Menchón JM, Saiz-Ruiz J, Segalàs C, Baca-García E,

et al. Extensive genotyping of the BDNF and NTRK2 genes define protective

haplotypes against obsessive-compulsive disorder. Biol Psychiatry. (2008)

63:619–28. doi: 10.1016/j.biopsych.2007.06.020

36. Zhang JP, Lencz T, Geisler S, DeRosse P, Bromet EJ, Malhotra AK.

Genetic variation in BDNF is associated with antipsychotic treatment

resistance in patients with schizophrenia. Schizophr Res. (2013) 146:285–

8. doi: 10.1016/j.schres.2013.01.020

37. Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel B, et

al. The structure of haplotype blocks in the human genome. Science. (2002)

296:2225–9. doi: 10.1126/science.1069424

38. Kang JI, Song DH, Namkoong K, Kim SJ. Interaction effects between COMT

and BDNF polymorphisms on boredom susceptibility of sensation seeking

traits. Psychiatry Res. (2010) 178:132–6. doi: 10.1016/j.psychres.2010.04.001

39. Gothelf D, Aharonovsky O, Horesh N, Carty T, Apter A. Life events and

personality factors in children and adolescents with obsessive-compulsive

disorder and other anxiety disorders. Comprehen psychiatry. (2004) 45:192–

8. doi: 10.1016/j.comppsych.2004.02.010

40. Naguy A, Moodliar-Rensburg S, Alamiri B. Obsessive-compulsive disorder

in women: any gender-based differences? J Nerv Ment Dis. (2021)

209:150. doi: 10.1097/NMD.0000000000001260

41. Samuels J, Nestadt G, Bienvenu OJ, Costa PT, Jr., Riddle MA, et al. Personality

disorders and normal personality dimensions in obsessive-compulsive

disorder. Brit J Psychiatry. (2000) 177:457–62. doi: 10.1192/bjp.177.5.457

Frontiers in Psychiatry | www.frontiersin.org 10 January 2022 | Volume 12 | Article 685041197

https://doi.org/10.1016/j.jad.2011.04.002
https://doi.org/10.1126/science.1129663
https://doi.org/10.24869/psyd.2019.141
https://doi.org/10.1016/j.jad.2013.03.016
https://doi.org/10.1038/sj.npp.1301394
https://doi.org/10.1080/15622970701245003
https://doi.org/10.1002/ajmg.b.30930
https://doi.org/10.3969/j.issn.1002-0152.2009.10.013
https://doi.org/10.1590/S1516-44462010000300023
https://doi.org/10.1002/ajmg.b.32092
https://doi.org/10.1016/j.euroneuro.2013.08.001
https://doi.org/10.1016/j.jpsychires.2013.08.012
https://doi.org/10.3109/15622975.2015.1012226
https://doi.org/10.1017/neu.2015.38
https://doi.org/10.2147/NDT.S102100
https://doi.org/10.1016/j.ajp.2017.10.014
https://doi.org/10.3109/00048679509075899
https://doi.org/10.1073/pnas.92.24.11110
https://doi.org/10.1523/JNEUROSCI.19-04-01179.1999
https://doi.org/10.1016/j.pnpbp.2008.04.002
https://doi.org/10.1192/bjp.bp.115.164020
https://doi.org/10.1176/appi.ajp.160.7.1242
https://doi.org/10.1523/JNEUROSCI.23-17-06690.2003
https://doi.org/10.1016/S0092-8674(03)00035-7
https://doi.org/10.1038/mp.2009.24
https://doi.org/10.1086/377003
https://doi.org/10.1097/00041444-200512000-00002
https://doi.org/10.1016/j.biopsych.2007.06.020
https://doi.org/10.1016/j.schres.2013.01.020
https://doi.org/10.1126/science.1069424
https://doi.org/10.1016/j.psychres.2010.04.001
https://doi.org/10.1016/j.comppsych.2004.02.010
https://doi.org/10.1097/NMD.0000000000001260
https://doi.org/10.1192/bjp.177.5.457
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Shang et al. Association Between BDNF and OCD

42. Vidal-Ribas P, Stringaris A, Rück C, Serlachius E, Lichtenstein P, Mataix-

Cols D. Are stressful life events causally related to the severity of obsessive-

compulsive symptoms? A monozygotic twin difference study. Eur Psychiatry.

(2015) 30:309–16. doi: 10.1016/j.eurpsy.2014.11.008

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Shang, Wang, Zhang, Liu, Li and Zhao. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 11 January 2022 | Volume 12 | Article 685041198

https://doi.org/10.1016/j.eurpsy.2014.11.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover 
	Frontiers eBook Copyright Statement
	Geneticand Epigenetic Mechanisms Underpinning Vulnerability to Developing Psychiatric Disorders
	Table of Contents
	Editorial: Genetic and Epigenetic Mechanisms Underpinning Vulnerability to Developing Psychiatric Disorders
	Author Contributions
	Funding
	References

	Lasting and Sex-Dependent Impact of Maternal Immune Activation on Molecular Pathways of the Amygdala
	Introduction
	Materials and Methods*-1pt
	Animal Experiments*-0.5pt
	RNA Extraction and Sequencing
	RNA Sequence Mapping and Differential Expression Analysis
	Functional Enrichment and Network Inference
	Weighted Gene Co-expression Network Analysis and Gene Network Visualization

	Results
	Maternal Immune Activation and Sequencing Metrics
	Transcriptome Changes Associated With Maternal Immune Activation That Are Sex-Dependent
	Functional and Network Analysis of Genes That Exhibit Sex-Dependent Associations With Maternal Immune Activation
	Transcriptome Changes Associated With Maternal Immune Activation
	Functional Analysis of Genes Associated With Maternal Immune Activation
	Transcriptome Differences Between Sexes Independent of Maternal Immune Activation
	Weighted Gene Co-expression Network Analysis

	Discussion
	Sex-Dependent Transcriptome Changes Associated With Maternal Immune Activation
	Functional Analysis of Sex-Dependent Maternal Immune Activation Transcriptome
	Impact of Maternal Immune Activation on Gene Networks Within Sex
	Sex-Independent Associations Between Maternal Immune Activation and Transcriptome Changes
	Functional Analysis of Sex-Independent Maternal Immune Activation Transcriptome
	Main Effect of Sex on Gene Expression and Functional Enrichment
	Additional Considerations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Heterozygous PGM3 Variants Are Associated With Idiopathic Focal Epilepsy With Incomplete Penetrance
	Introduction
	Materials and Methods
	Subjects
	Whole-Exome Sequencing
	Mutation Analysis

	Results
	Identification of PGM3 Variants
	Structural Alteration of PGM3 Protein
	Clinical Features of the Cases With PGM3 Variants
	Genotype–Phenotype Correlation of PGM3 Mutations

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Postzygotic Somatic Mutations in the Human Brain Expand the Threshold-Liability Model of Schizophrenia
	Introduction
	Somatic Mutations are Heterogeneous and Accumulate Over Time With Effects on Neurological Phenotypes
	Postzygotic Somatic Mutations Contribute to Disease: The Cancer Model
	Postzygotic Somatic Mutations Often Arise During Neurodevelopment
	Postzygotic Mutations are Candidate Contributors to Schizophrenia
	An Expanded-Threshold-Liability Model for Schizophrenia May Include Postzygotic Events
	Testing The Expanded-Threshold-Liability Model for Schizophrenia
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References

	Commentary on Singh et al. (2020) Postzygotic Somatic Mutations in the Human Brain Expand the Threshold-Liability Model of Schizophrenia
	Introduction
	Motor System Degeneration
	Schizophrenia and ALS
	Molecular Mechanisms
	Discussion
	Author Contributions
	Funding
	References

	Genomic Variation, Evolvability, and the Paradox of Mental Illness
	Evolvability and the Paradox of Mental Illness
	Origin Stories
	Faustian Bargains
	Genomic Variability and the Problem of Missing Heritability

	The Nature of Genomic Variability
	1. Structural Variation
	Aneuploidy Is Common in Brain 
	Structural Variation in Autism and Schizophrenia

	Genomic Variability: 2. Variable Expression
	Genomic Variability: 3. Epistasis
	Genomic Variability: 4. Gene Regulation
	Genomic Variability: 5. Epigenetics
	Genomic Variability: 6. Stochasticity, Noise
	The Origins of Genomic Variability
	Evolvability in Real Life 
	Neural Darwinism
	Robustness Is the Balance Between Stability and Variability
	Robust but Fragile
	Versatile Proteins
	Variable Buffering
	If Things Were Simple, Word Would Have Gotten Around

	Author's Note
	Author Contributions
	Funding
	References

	Phenotypic Resemblance to Neuropsychiatric Disorder and Altered mRNA Profiles in Cortex and Hippocampus Underlying IL15Rα Knockout
	Introduction
	Materials and Methods
	Animal Maintenance
	Animal Behavior Observations in a Y-Maze
	Total RNA Extraction and Library Construction
	RNA Sequencing
	Correlation Analysis
	Differential Gene Expression Analysis and qRT-PCR Validation
	Gene Set Enrichment Analysis
	Network Visualization and Analysis

	Results
	DEG Identification and qPCR Validation
	GSEA Generated Gene Set Enrichment and Functional Annotation
	Overlapped Pathways Connection Analysis and Unified Construction of Enrichment Map

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Genetic Effects of the Schizophrenia-Related Gene DTNBP1 in Temporal Lobe Epilepsy
	Introduction
	Materials and Methods
	Human Subject Enrollment
	DNA Preparation and Genotyping
	Dual-Luciferase Reporter Assay
	Epilepsy Rat Model
	Molecular Experiments
	DTNBP1 Expression in TLE Patients
	Statistical Analyses

	Results
	General Characteristics of the Enrolled Cohorts
	Case-Control Analyses of the Six DTNBP1 SNPs
	Genetic Significance of the TT Genotype at rs909706
	Impact of Homozygous Mutation of rs2619538 T > A on DTNBP1 Transcription
	Expression Patterns of DTNBP1 in an Epilepsy Rat Model and in TLE Patients

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Association Between OLIG2 Gene SNP rs1059004 and Negative Self-Schema Constructing Trait Factors Underlying Susceptibility to Depression
	Introduction
	Materials and Methods
	Subjects
	Psychological Assessments
	SNP Genotyping
	Statistical Analysis

	Results
	Bivariate Associations Between BDI-II and Four BCSS Subscale Scores
	Association Between OLIG2 SNP rs1059004 and the Severity of Depressive Symptoms
	Association Between OLIG2 SNP rs1059004 and Core Schema About the Self and Others
	Path Analysis of the Relationship Between OLIG2 rs1059004, the Self-Core Schema, and Depressive Symptoms

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Weighted Gene Coexpression Network Analysis Reveals Essential Genes and Pathways in Bipolar Disorder
	Introduction
	Materials and Methods
	Microarray Data
	Data Preprocessing and Quality Control
	Weighted Gene Coexpression Network Analysis (WGCNA)
	Relationship Analysis Between Coexpression Modules and BD
	GO and KEGG Analyses of Coexpression Modules for Bipolar Disorder
	Protein-Protein Interaction Network Analysis for Selected Modules of Bipolar Disorder
	Validation Using Another Gene Expression Dataset of BD

	Results
	Data Preprocessing and Quality Control
	WGCNA to Identify Modules Critical to BD
	Gene Function and Annotation Enrichment (Functional Enrichment) Analysis of Key Modules
	Visualization of the PPI Network and Hub Genes
	Validation of Gene Function, Annotation Enrichment, and Hub Genes

	Discussion
	Limitations
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Familial Psychosis Associated With a Missense Mutation at MACF1 Gene Combined With the Rare Duplications DUP3p26.3 and DUP16q23.3, Affecting the CNTN6 and CDH13 Genes
	Introduction
	Materials and Methods
	Psychiatric and Cognitive Assessments
	Subject Description
	Blood Collection and DNA Extraction
	Genotyping by SNP Array
	CNV Analysis by ddPCR
	Whole Exome Sequencing (WES)
	Analysis of Rare SNV and CNV Variants

	Results
	The Majorcan Family Is Characterized by Poor Cognitive Profiles
	Identification of Two Inherited CNVs Associated With Psychosis
	Contributions of Rare SNVs Identified by WES

	Discussion
	DUP3p26.3 and DUP16q23.3 Associated With Neurodevelopmental Disorders
	Facts to Consider MACF1 a Genetic Risk Factor for Psychosis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Gene Expression Differences Between Young Adults Based on Trauma History and Post-traumatic Stress Disorder
	Introduction
	Gene Expression Studies
	Gene Network Analysis

	Current Study

	Methods and Materials
	Overview of Larger, Parent Study
	Current Study Sub-sample Participants
	Measures
	Number of Traumatic Events
	PTSD
	Depression Symptoms

	RNA Isolation
	mRNA Expression Microarrays
	Microarray Normalization
	Adjusting for Cell Heterogeneity
	Data Analytic Plan
	Aim 1: Gene Expression Analyses
	Aim 2: Network Analyses
	Pathway Analyses
	Identification of Candidate Hub Genes
	Network Preservation


	Power
	Testing Whether Findings Hold in an Independent Sample

	Results
	Aim 1: Gene Expression Analyses
	Aim 2: Network Analysis
	PTSD vs. TE Group Comparison
	PTSD vs. Control Comparison
	TE vs. Control Comparison
	Detection of Network Hub Genes
	Assessing Module Preservation
	Pathway Enrichment

	Results From Independent Sample
	Power Analysis Findings

	Discussion
	Limitations, Future Directions, and Conclusions

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Increased Prevalence of Minor Physical Anomalies Among the Healthy First-Degree Relatives of Bipolar I Patients – Results With the Méhes Scale
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