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Abstract

Schizophrenia, a psychiatric disorder affecting 24 million people worldwide, continues
to present significant challenges despite notable progress in understanding its etiology.
While advancements have been made, the fundamental pathophysiological mechanisms,
molecular diagnostics, and precise biomarkers remain unclear. Consequently, ongoing
psychiatric research must focus on unraveling the complex biological foundations of the
disorder. A deeper understanding is crucial for identifying more appropriate diagnostic
categories and developing innovative therapeutic strategies to improve the quality of life
for individuals affected by schizophrenia.

Currently, the leading etiological hypothesis suggests that schizophrenia arises from a
complex interaction between genetic and environmental factors, which disrupt the
processes governing brain development and maturation. From birth to adulthood, brain
development depends on synaptic plasticity, the process by which neurons modify their
connections in response to external signals, refining synapses and creating neural circuits.
Accordingly, impaired synaptic plasticity is thought to play a pivotal role in the
pathophysiology of schizophrenia, a notion strongly supported by evidence from multiple
disciplines.

Among the genes that play crucial roles in both development and adulthood by
mediating synaptic plasticity, Neuritin-1 (/VRN!) stands out. Prior to this thesis, extensive
research using cell and animal models had explored the functions of VRN in the brain.
In summary, NRNI regulates apoptosis in proliferative neurons, promotes neuronal
migration and synaptic maturation, modulates neurite outgrowth during differentiation,
stimulates dendritic arbor growth, stabilizes active synapses, and as previously
mentioned, supports synaptic plasticity. Additionally, several studies have highlighted
NRN1's neuroprotective effects, its role in enhancing cognitive performance, and its
sensitivity to neurotherapeutic agents through epigenetic mechanisms. This body of
evidence suggests that VRN could be a promising target for developing therapeutic
strategies for schizophrenia, as modulating its expression may positively impact brain
functioning and, therefore, behavior and patient outcomes. However, despite these
promising findings, human research on the role of NRN! in schizophrenia remained
limited, with only two previous studies examining its impact on schizophrenia risk, age at
onset, and intelligence quotient.

Given its potential importance, we focused on NRNT as a key synaptic plasticity gene
in schizophrenia, aiming to deepen our understanding of how this mechanism contributes
to the disorder and how such knowledge could enhance patient care. To achieve this, we
adopted a multilevel approach incorporating various layers of NRN! molecular diversity.
This strategy resulted in four articles that examined the association of NVRNI with age at
onset, clinical and neuroimaging traits of schizophrenia, its interactions with related



genes, its expression and methylation in post-mortem brain samples from schizophrenia
patients, and its methylation changes in response to cognitive therapy.

Overall, our results validate the efficacy of a multifaceted methodology in uncovering
the role of candidate genes in modulating schizophrenia presentation. Specifically, we
identified INRNI genetic variants associated with an increased risk for early-onset
schizophrenia-spectrum disorders, with carriers exhibiting altered dorsolateral prefrontal
cortex activity during a working memory task. Additionally, epistatic interactions
between NRNI, BDNF-rs6265, and CACNA1C-rs1006737 significantly modulated clinical
severity and neuroanatomical features, with the interaction between NRNI and BDNF in
the left lateral orbitofrontal cortex fully mediating the effects on general psychopathology.
In post-mortem brain samples, schizophrenia patients treated with clozapine displayed
lower VRN expression and methylation differences in the prefrontal cortex compared
to untreated patients and controls, with these methylation differences correlating with
NRNI expression and influenced by specific genetic variants. Lastly, we demonstrated
the clinical applicability of our findings, showing that cognitive remediation therapy is
associated with changes in NRN! peripheral methylation, with increased methylation
distinguishing responders from non-responders across cognitive domains, an effect also
shaped by NRN1 genetic variability.

Globally, the findings presented in this thesis highlight how understanding the role of
specific genes involved in synaptic plasticity can not only deepen our insight into the
etiology of schizophrenia but also potentially lead to improved patient care. Although
studies focusing on candidate genes are constrained by the polygenic nature of the
disorder, these studies provide compelling evidence and valuable clinical insights, laying
the groundwork for further exploration of these key genes within broader molecular
networks. Thus, this thesis serves as a steppingstone in the collective process of building
knowledge about the etiology of psychosis, aiming to understand how individual genetic
variations influencing neurodevelopment and synaptic plasticity contribute to the
underlying causes of schizophrenia.

Keywords

Psychotic disorders, synaptic plasticity, genetics, methylation, VRV



Resum

L'esquizofrénia, un trastorn psiquiatric que afecta 24 milions de persones arreu del
mon, encara presenta grans reptes pel que fa a la comprensio dels seus mecanismes
etiologics. Malgrat els avengos en aquest camp, els mecanismes basics que la causen,
aixi com el seu diagnostic molecular i 1'is de biomarcadors precisos, continuen sent poc
clars. Per tant, la investigacioé psiquiatrica ha de centrar-se a desxifrar els fonaments
biologics complexos del trastorn. Aixo és fonamental per definir millor les categories
diagnostiques i crear noves estratégies terapeutiques que millorin la qualitat de vida de
les persones amb esquizofrenia.

La principal hipotesi etiologica suggereix que l'esquizofrénia és el resultat d'una
interaccié complexa entre factors genetics i ambientals que altera els processos que
guien el desenvolupament i la maduracio del cervell. Al llarg del desenvolupament, des
del naixement fins a 'edat adulta, el cervell depén de la plasticitat sinaptica, un procés
en que les neurones adapten les seves connexions en resposta a estimuls externs, refinant
les sinapsis i formant circuits neuronals. Aixi, es creu que les alteracions en la plasticitat
sinaptica séon centrals en la fisiopatologia de l'esquizofrénia, una idea fermament
recolzada per evidencia de diverses disciplines.

Entre els gens que tenen un paper crucial en el cervell, tant en el desenvolupament
com en l'edat adulta contribuint a la plasticitat sinaptica, destaca especialment Neuritin-
1 (NRN1). Diversos estudis amb models cellulars i animals previs a aquesta tesi ja havien
explorat les funcions de NRNI en el cervell. En resum, NRNI regula I'apoptosi en
neurones proliferatives, promou la migracio neuronal i la maduracio sinaptica, modula el
creixement de neurites durant la diferenciaci¢ neuronal, estimula el desenvolupament de
les dendrites, estabilitza les sinapsis actives i, com ja s’ha esmentat, dona suport a la
plasticitat sinaptica. A més, diversos estudis han subratllat els efectes neuroprotectors de
NRNI1, el seu paper en la millora del rendiment cognitiu i la seva sensibilitat als agents
neuroterapeutics mitjangant mecanismes epigenétics. Aquest conjunt d'evidencies
suggereix que VRNV podria ser un gen prometedor per al desenvolupament d'estrategies
terapéutiques per a l'esquizofrénia, ja que modular la seva expressidé podria impactar
positivament en el funcionament cerebral i, per tant, en el fenotip dels pacients. Tot i
aquestes troballes prometedores, la recerca en humans sobre el paper de NRN! en
I'esquizofrenia era limitada, amb només dos estudis previs que examinaven el seu
impacte en el risc d'esquizofrénia, 'edat d'aparicié del trastorn i el quocient intel-lectual
dels pacients.

Atés el seu gran potencial, ens vam centrar en VRN com a gen essencial en la
plasticitat sinaptica en I'esquizofrenia, amb 1'objectiu d’aprofundir en la comprensié de
com aquest mecanisme contribueix al trastorn i com aquest coneixement podria millorar
I'atenci¢ als pacients. Per aconseguir-ho, vam adoptar un enfocament de multiples nivells
que integra diverses capes d’analisi de la diversitat molecular de NRNI. Aquesta
estratégia va resultar en quatre articles que examinen I'associacio de IVRNI amb I'edat



d’inici de la malaltia, diferents trets clinics i de neuroimatge, les seves interaccions amb
gens relacionats, la seva expressid i metilacid en mostres cerebrals post-mortem de
pacients amb esquizofrénia, i els canvis de metilacio en resposta a la terapia cognitiva en
aquests pacients.

En general, els nostres resultats validen I'eficacia d'aquesta metodologia multifacetica
per descobrir el paper dels gens candidats en la modulaci6 de la presentacié de
I'esquizofrenia. En concret, hem identificat variants genetiques de VRN associades a un
risc més alt de patir trastorns de I'espectre esquizofrenic d'inici precog, amb portadors
gue presenten una activitat alterada a 'escor¢a prefrontal dorsolateral durant una tasca
de memoria de treball. També hem observat que les interaccions epistatiques entre
NRN1, BDNF-—s62651 CACNA1C-rs1006737 modulen de manera significativa la gravetat
clinica i les caracteristiques neuroanatomiques, on la interaccioé entre NRN! i BDNF a
I'escorca orbitofrontal lateral esquerra media completament els efectes sobre la
psicopatologia general. En mostres cerebrals post-mortem, els pacients amb
esquizofrenia tractats amb clozapina van mostrar una menor expressio de NRNT i
diferéncies de metilacié a I'escorca prefrontal en comparacié amb pacients no tractats i
controls, amb aquestes diferencies de metilacié correlacionades amb 1'expressié de
NRN1 1 influides per variants genetiques especifiques. Finalment, hem evidenciat la
rellevancia clinica dels nostres descobriments, demostrant que la terapia de rehabilitacio
cognitiva s'associa amb canvis en la metilacié periferica de NRNI, amb una major
metilacio diferenciant els pacients que responen dels que no responen en diversos
dominis cognitius, un efecte també influit per la variabilitat genetica de NRNVI.

En conjunt, els resultats presentats en aquesta tesi subratllen com la comprensié del
paper de gens especifics implicats en la plasticitat sinaptica pot no només aprofundir en
el coneixement de I'etiologia de I'esquizofrenia, sind també obrir vies per a la millora de
I'atencid als pacients. Tot i les limitacions dels estudis centrats en gens candidats,
derivades de la naturalesa poligénica del trastorn, aquests treballs aporten evidéncies
solides i valuoses perspectives cliniques, establint les bases per a una investigacid més
amplia d’aquests gens clau dins de xarxes moleculars complexes. Aixi, aquesta tesi
representa una contribucié significativa al procés collectiu de construccié de
coneixement sobre l'etiologia de les psicosis, amb l'objectiu d’entendre com les
variacions genetiques que afecten el neurodesenvolupament i la plasticitat sinaptica
poden contribuir a les causes subjacents de I'esquizofréenia.
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1.Introduction




1.1. The neurodevelopmental framework of schizophrenia

The human brain is an extraordinarily complex structure, containing approximately
10'" neurons spread across subcortical regions and the cortex. These neurons form grey
matter with their cell bodies and white matter with their myelinated axons. Additionally,
the brain is composed of around 10'* glial cells, which provide support and protection
through astrocytes and microglia or insulate axons via oligodendrocytes. However, the
true intricacy of the brain lies not merely in the number of its components but in the
extensive network of neuronal connections, comprising an estimated 10' synapses
(Herculano-Houzel, 2009). This remarkable complexity requires over two decades to
reach full maturity, shaped by a combination of genetic and environmental influences.

The neurodevelopmental processes coordinate how the brain acquires its intricate
structure and interconnected networks (Silbereis et al., 2016) (Figure 1). The cortex grows
rapidly from four postconceptional weeks to the third postnatal year, outpacing all other
organ systems (Gogtay et al., 2004). It begins with neurulation, forming the neural tube,
which segments into the forebrain, midbrain, and hindbrain (Donkelaar et al., 2023). In
the dorsal telencephalon, neuroepithelial cells become radial glial cells (RGCs), initiating
neurogenesis (Betizeau et al., 2013; Penisson et al., 2019). These cells produce neurons
and intermediate progenitor cells in the subventricular zone, generating excitatory
projection neurons that migrate and differentiate into the six-layered cortex through
lamination (Hatanaka & Hirata, 2020; Mira & Morante, 2020). Meanwhile, cells from the
caudal ganglionic eminences in the basal telencephalon become inhibitory interneurons,
migrating tangentially to the cortex (Faux et al., 2012; Llorca & Marin, 2021; Zimmer-
Bensch, 2018). As neurons migrate, they undergo neuritogenesis, extending dendrites
and axons, and synaptogenesis, forming complex networks (Alfadil & Bradke, 2023;
Lefebvre et al., 2015). Post-neurogenesis, RGCs give rise through gliogenesis to astrocytes
and oligodendrocytes, while epithelial cells differentiate into microglia, all contributing to
brain development (Molofsky et al., 2012; Tilborg et al., 2017). After this period, the rate
of growth slows and processes such as synaptic maturation, dendritic and synaptic
pruning and myelination predominate, mediated by the convergence of influences from
intrinsic and extrinsic factors (Faust et al., 2021; Mordelt & de Witte, 2023; Seng et al.,
2022; Spear, 2013; Tooley et al., 2021; Williamson & Lyons, 2018).

Notably, human neurodevelopment has unique features, as highlighted by
comparative studies, which show that while ontogenetic patterns, neurogenic expression,
cytoarchitecture, and cell-type composition are largely consistent across species,
differences arise in the temporal and spatial gene expression trajectories of
neurodevelopmental genes in humans (Zhu et al., 2018). During embryonic development,
the human brain has a larger population of RGCs with increased proliferative capacity
and prolonged neurogenesis, resulting in an overrepresentation of pyramidal cells in
cortical layers II and III, which support human-specific cognitive and motor abilities
(Dehay et al.,, 2015; Workman et al., 2013). Additionally, the human brain experiences



extended synaptogenesis, peaking from late prenatal stages to three years postnatally
(Petanjek et al., 2011). Both processes contribute to human-specific cortical expansion.
Following this period, synaptic refinement continues due to prolonged myelination and
extensive adolescent synaptic pruning, both extending into the third decade, especially
in associative regions of the frontal cortex (D. J. Miller et al., 2012). This is supported by
imaging studies that have evidenced continued brain development through childhood,
adolescence, and early adulthood, with differential trajectories related to grey and white
matter. For example, while grey matter volume peaks in childhood and decreases through
the second decade of life, white matter volume increases until mid-to-late adolescence
before decelerating (Gogtay et al., 2004).
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Figure 1. A representation of brain development and maturation in relation to the onset of schizophrenia.
The figure illustrates, at the top, the structural changes occurring in the brain, while at the bottom, it displays
key cellular processes and the average onset age for various mental disorders. These events are mapped
to their estimated timing and sequence, spanning from conception through embryonic and fetal
development (measured in weeks) to postnatal stages, including infancy (in months), childhood,
adolescence, and adulthood (in years). Adapted figure (Silbereis et al., 2016).

These intricate molecular and cellular processes involved in human brain
development are encoded within the complex genome (Zhou et al., 2024). Transcription
serves as the initial step in translating genetic information into specific phenotypes,
establishing distinct molecular and cellular characteristics. At this stage, the epigenome
plays a crucial role in regulating spatiotemporal gene expression patterns (Bacon &
Brinton, 2021; Lister et al., 2013; Murao et al., 2016; Sanosaka et al., 2009). Additionally,
these epigenetic mechanisms can also be influenced by various external factors, serving



as a molecular bridge between environmental cues and gene expression (Perera et al.,
2020). Remarkably, the great majority of protein-coding genes, along with an increasing
number of non-coding genes, are active at some stage of brain formation (Kang et al.,
2011). In terms of temporal expression, gene activity during prenatal and early postnatal
periods accounts for nearly two-thirds of global expression variance, whereas changes in
adulthood contribute only minimally (Kang et al., 2011). Regionally, co-regulated gene
networks are expressed across brain areas during key developmental stages. These
include genes involved in neuronal specification, which are highly active during
embryonic and early fetal stages, and those related to synaptic function and ion channels,
which peak in late fetal development and stabilize in early childhood (Kang et al., 2011).
In the adult human brain, most genes in the brain are not limited to a single region but
are instead active in multiple brain areas, with varying expression levels across those
regions, suggesting that genes serve multiple functions, impacting different aspects of
brain activity (Negi & Guda, 2017). However, transcriptomes show greater variability over
time and across regions than across sexes, ethnicities, or individuals (Mazin et al., 2013).

The extended developmental window of the human brain enables extensive shaping
by intrinsic and extrinsic factors, resulting in a structure and function that support the
inherent variability in cognition, behavior, and personality traits observed in humans.
However, this prolonged development also increases the brain's susceptibility to
disruptions. The challenge of regulating diverse molecular and cellular processes over a
long period and across various cell types and regions is evident in the distinct regional
and temporal vulnerabilities of the brain to diseases, including schizophrenia. Thus,
understanding this disorder requires a focused examination of the brain.

1.2. Diagnostic and clinical characteristics of schizophrenia

Two main diagnostic classifications

Although schizophrenia is recognized as a biological illness, no single brain
characteristic, biomarker, or symptom definitively identifies it. The term disorder captures
its complexity, as no specific cause has been established. Thus, the diagnosis still relies
heavily on clinical evaluations, symptom assessment, and patient-reported experiences
and history. However, with the intention of establishing a formal framework for identifying
mental disorders, various guidelines have been developed, grounded in the
conceptualization that psychopathology can be categorized into different disorders. This
approach has led to the creation of diagnostic classification systems, such as the
International Classification of Diseases (ICD) developed by the World Health
Organization (WHO) and the Diagnostic and Statistical Manual (DSM) developed by the
American Psychiatric Association (APA). These guidelines outline the specific clinical
manifestations of each disorder, determined through expert consensus, providing a
structured guide to diagnosis while reflecting evolving understandings of mental health.



In these nosologies, schizophrenia is currently diagnosed based on key symptoms,
where the specific profile, severity, and duration are crucial not only for accurate
diagnosis but also for understanding the individual's experience and tailoring the
management and prognosis of the condition. In the current versions, DSM-5 and ICD-
11, schizophrenia is diagnosed when at least two core symptoms are present. These
include delusions, which are strongly held false beliefs that defy logical reasoning;
hallucinations, where a person experiences sensory perceptions, such as hearing voices,
that aren't present; and disorganized thinking (referred to as disorganized speech in DSM-
5), which reflects chaotic or incoherent thought patterns that often result in fragmented
or tangential communication. Additionally, both manuals also contemplate grossly
disorganized or catatonic behavior, characterized by unpredictable actions, abnormal
motor behavior, or immobility, and negative symptoms, such as diminished emotional
expression, reduced motivation, and social withdrawal, which complicate daily
functioning. Still, the two main diagnostic classification systems differ in symptom
duration and focus on functionality. The DSM-5 requires six months of symptoms, with
one month of active symptoms, and emphasizes functional impairment in areas like work,
relationships, and self-care. In contrast, the ICD-11 requires only one month of
symptoms, with less focus on functional impairment. Besides, while both systems have
eliminated traditional subtypes, the DSM-5 emphasizes illness severity and progression
with detailed specifiers, whereas the ICD-11 takes a more streamlined approach, focusing
on the current symptom profile (Valle, 2020).

The heterogeneous course and phenotype

Schizophrenia usually emerges in late adolescence or early adulthood, peaking around
age 20-21 (Solmi et al., 2022), though premorbid and prodromal signs often appear
earlier, and presents a progression highly variable (Figure 2).

Premorbid developmental delays often appear much earlier, with neurological soft
signs like motor skill delays (e.g., lifting the head, sitting, walking) and speech problems
evident in the first year of life (Bachmann & Schroder, 2018; Petrescu et al., 2023). As
individuals progress into childhood and adolescence, cognitive deficits and academic
difficulties, including repeating grades, become more common (Fuller et al, 2002;
Kendler et al., 2016; MacCabe et al., 2008; van Oel et al., 2002). Furthermore, a lower
intelligence quotient by age 13 or a decline between ages 13 and 16 significantly increases
the schizophrenia risk by 3.8% for each 1-point drop (Dickson et al., 2012; Khandaker et
al., 2011; Woodberry et al., 2008). This is often accompanied by impairments in executive
function, attention, memory, verbal episodic memory, and particularly processing speed,
which plays a key role in mediating other cognitive abilities (Czepielewski et al., 2015;
Meier et al., 2014; Reichenberg et al., 2010; Sheffield et al., 2018).

Besides, in the prelude to the disease, around 70% of individuals with schizophrenia
go through a prodromal phase lasting one to five years, marked by a wide range of



symptoms, including attention difficulties, fatigue, anxiety, and anhedonia, along with
more specific signs like perplexity, unusual beliefs, guardedness, and hearing vague or
indistinct noises (Hafner et al., 2003; Marshall et al., 2014). Responses during this period
vary significantly, with some individuals becoming erratic, while others withdraw (George
et al., 2017). Additionally, many experience comorbidities such as depression, anxiety,
and substance use, and about half notably struggle with suicidal ideation or attempts
(Andriopoulos et al., 2011). As a result, the prodrome is recognized as a period of
heightened vulnerability to psychosis. Although only one-third of those in the prodromal
phase progress to full psychosis, the remainder either continue to experience attenuated
symptoms with functional impairment or achieve remission (Wiltink et al, 2015).
Importantly, around 80% of those who transition develop schizophrenia-spectrum
disorders, while the rest are diagnosed with mood-related or atypical psychosis (Yung et
al., 2005).

Evidence of developmental delays in both the premorbid and prodromal phases of
schizophrenia suggests that genetic or environmental factors may disrupt essential
neurodevelopmental processes, leading to altered brain development. Supporting this,
research on ectodermal derivatives, such as facial features and skin, shows higher rates
of minor physical anomalies and abnormal dermatoglyphic patterns in these individuals
(Golembo-Smith et al., 2012; McGrath et al., 2002; Sut et al., 2024).
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Figure 2. A schematic representation of the course of schizophrenia. The figure shows the premorbid and
prodromal phases, with and the gradual worsening of cognitive (blue) and negative symptoms (green),
followed by the onset characterized by an exacerbation of psychotic symptoms (pink). Adapted figure
(McCutcheon et al., 2020).



After schizophrenia diagnosis, the condition presents in heterogeneous phenotype
with diverse symptom patterns that vary significantly among individuals, as well as in
different course trajectories with symptoms fluctuating in time both within the same
person and across patients (Picardi et al., 2012).

Although the DSM-5 and ICD-11 describe schizophrenia through a range of main
symptoms without formally dividing them into specific categories, these symptoms are
often grouped into distinct types (Figure 3). These include, negative symptoms and
disorganization, already mentioned and included per se in the manuals, plus positive
symptoms, which encompass abnormal experiences such as delusions, hallucinations,
suspiciousness, and grandiosity that distort a person’s perception of reality (Andreasen
etal, 1995). As a result of this heterogeneous presentation, to assess the symptom profile
and severity in schizophrenia patients, healthcare professionals use clinical scales such
as the Positive and Negative Syndrome Scale (PANSS), which helps monitor clinical
status and track progression over time (Kay et al., 1987). In addition, although psychosis
has traditionally been seen as the hallmark of schizophrenia, recent perspectives
Increasingly recognize cognitive impairment as a central feature of the disorder (Kahn &
Keefe, 2013). Schizophrenia patients consistently exhibit poorer cognitive performance,
yet it remains unclear whether these deficits worsen after the diagnosis. However,
patients typically perform about 2 standard deviations below healthy controls, a
significant drop compared to the 0.5 standard deviation seen before psychosis onset
(Keefe et al, 2011). Additionally, most of the patients underperform relative to their
mothers' educational levels (Jundong et al, 2011). Cognitive deficits affect multiple
domains, with processing speed being particularly impacted and serving as a key
predictor of overall cognitive function (Ojeda et al, 2012). Notably, these cognitive
impairments are distinct from positive and negative symptoms and, while linked to
disorganization, account for only a small portion of the overall variance (Moura et al.,
2021). As these deficits are also presented in a highly heterogeneous way, to assess
cognition clinicians and researchers use different scales, as for example the MATRICS
Consensus Cognitive Battery (Kern et al., 2008; Nuechterlein et al., 2008).

One key aspect that influences the phenotypic manifestation and course of the
disorder is the age at onset. Schizophrenia patients with early age at onset showed lower
probability of symptomatic remission (Juola et al., 2013), more negative symptoms (Diaz-
Caneja et al., 2015), and consequently more hospital admissions after over 10 years since
onset (Rabinowitz et al., 2006).
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Figure 3. An illustration depicting the wide range of schizophrenia symptoms and its classification. The
figure shows the classification of symptoms into four major dimensions: positive symptoms (pink), negative
symptoms (green), disorganized behaviors (yellow) and cognitive impairments (blue).

The highly heterogeneous nature of schizophrenia, reflecting its complex etiology and
the intricate nature of the human brain, has made it difficult to identify definitive
biomarkers (Ahmed et al., 2018). Additionally, evidence shows that psychotic symptoms
exist on a spectrum, ranging from subclinical to clinically significant, and are shared by
related conditions such as schizophreniform disorder, schizoaffective disorder, and other
unspecified psychotic disorders (Barr et al, 2022; Plana-Ripoll et al., 2019). This
challenges the traditional view of mental disorders as distinct categories, instead
suggesting they exist on a continuum (DeRosse & Karlsgodt, 2015; Owen, 2015). As a
result, psychotic disorders are now seen as different manifestations of the same
underlying processes, collectively referred to as schizophrenia-spectrum disorders (Liu
et al., 2024; Romero et al., 2022).

To explore this perspective, the United States National Institute of Mental Health
launched the Research Domain Criteria (RDoC) project (Kozak & Cuthbert, 2016),
promoting research based on core functional domains rather than traditional diagnostic
categories. Studies performed under the RDoC criteria examine behavior along a
continuum from normal to pathological without rigid disorder boundaries, offering
insights into the transition from typical to disordered behavior (Cuthbert & Morris, 2021).
However, RDoC is a research tool, not a diagnostic system, intended to inform future
classifications. Therefore, in the absence of a neurobiologically grounded classification
system, the DSM-5 and ICD-11 remain essential, offering high utility by providing better
diagnostic agreement and improving communication, including statistical reporting on
psychiatric morbidity, services, treatments, and outcomes, which in turn has translated
into valuable information about etiology (Clark et al., 2017; Kendell & Jablensky, 2003).



1.3. Epidemiology, social features and burden of schizophrenia

According to these diagnostic criteria and data from the 2019 Global Burden of
Disease (GBD) study, the global prevalence of schizophrenia, defined as the total number
of cases within a population at a specific time, is estimated at 23.6 million (95% UI:
20.20-27.10). Meanwhile, the incidence, which represents the number of new cases
occurring within a given period, is estimated at 1.29 million worldwide (95% UI: 1.09—
1.53). These numbers reflect increases of 65.87% and 37.11% in prevalence and
incidence, respectively, since 1990. While these increases in absolute numbers may
appear striking, when adjusted for population age structure these estimates have
remained relatively stable, with global age-standardized prevalence at 287.41 per 100,000
(95% UI: 246.16-330.88) and global age-standardized incidence at 16.31 per 100,000
(95% UI: 13.80-19.42), reflecting slight decreases of 0.87% and 3.30%, respectively, over
the same period (GBD 2019 Mental Disorders Collaborators, 2022; Solmi et al., 2023).
Although the diagnostic criteria shifted from DSM-4 to DSM-5 during this period, this
change appears to have had minimal impact on overall prevalence (Tandon et al., 2013).

These estimates show regional differences, which can be explained by two main
factors. First, high-income countries have well-developed health systems that routinely
collect and store mental health data, providing a clearer picture of prevalence (Saraceno
et al.,, 2007). Second, variations arise from specific social determinants in each region,
creating constellations of environmental risk factors (Lund et al., 2018).

The question of whether schizophrenia is more common in men or women remains
debated, with some studies indicating no major sex differences in prevalence, while
others report a slightly higher incidence among men (Charlson et al., 2018; Jongsma et
al., 2019). However, distinct patterns in onset are evident, as men generally experience a
peak in their early twenties followed by a decline, whereas women show a less
pronounced peak with a gradual decrease and see new cases surpassing those in men
after age 45 (Selvendra et al, 2022). Additionally, research indicates that symptom
profiles may vary by sex, with men tending to experience more prominent negative
symptoms and women more likely to display affective symptoms, including depression,
impulsivity, and emotional instability (Leger & Neill, 2016).

People with schizophrenia have, on average, a shorter lifespan, with a life expectancy
gap of 15-20 years, and a higher mortality rate than the general population, experiencing
3 times higher all-cause mortality (Correll et al., 2022). Moreover, schizophrenia patients
face the greatest mortality risk among all psychiatric disorders (Correll et al., 2022). Many
factors contribute to sustaining this higher rate of mortality. First, the lifetime prevalence
of suicide attempts and suicide death are 27% and 5% respectively, which represents
more than 10 times higher suicide mortality rates than the general population (Hor &
Taylor, 2010; Lu et al., 2019). Second, unhealthy lifestyle habits like smoking, alcohol
consumption, poor diet, and lack of physical activity are more common among
individuals with schizophrenia compared to the general population. These behaviors also



contribute to a higher incidence of cardiovascular disease and diabetes mellitus (Heald
et al, 2017; Kalinowska et al, 2021; Ratliff et al, 2012). Moreover, antipsychotic
medications are linked to an increased risk of diabetes, hypertension, high cholesterol,
metabolic syndrome, and liver damage (Pillinger et al., 2020). Interestingly, despite these
side effects, antipsychotic use has been associated with reduced mortality, indicating that
their benefits may outweigh the risks (Jia et al., 2022).

Moreover, schizophrenia is notable among mental health disorders for its tendency to
evoke predominantly negative attitudes from the general population, contributing to a
public stigma rooted in stereotypes and prejudices that lead to the perception that
individuals affected by the disorder lack the capacity for social interaction. Extensively
studied aspects of this stigma include perceptions regarding danger, inclination towards
social distance, and avoidance tendencies (Fond et al,, 2023; Mannarini et al., 2022;
Zamorano et al., 2023). These societal beliefs can create barriers for individuals with
schizophrenia, impeding their access to suitable housing and opportunities for
employment and education, ultimately resulting in social exclusion and high suicidality
among these individuals (Hipes et al., 2016; Lincoln et al., 2021; Sharaf et al., 2012).

The impact of these clinical and social factors on the population is measured using
Disability Adjusted Life Years (DALYs), which account for both Years Lived with Disability
(YLDs) and Years of Life Lost (YLLs) due to premature death (Figure 4). In 2019, mental
disorders were the seventh leading cause of DALYs globally, contributing 125.3 million
(95% UI: 93.0-163.2), or 4.9% (3.9-6.1) of the global burden, with an age-standardized
rate of 1,566.2 per 100,000 people (95% UI: 1,160.1-2,042.8). Schizophrenia alone
accounted for 12.2% of these DALYs, ranking third among mental disorders. The raw
DALY estimate for schizophrenia was 15.1 million (95% UI: 11.00-19.21), reflecting a
65.44% increase since 1990. However, age-standardized DALYs have remained relatively
stable at 184.15 per 100,000 people (95% UI: 134.32—234.54). It's noteworthy that DALYs
for mental disorders are primarily driven by non-fatal burden, as they are mostly
composed of YLDs. From 1990 to 2019, mental disorders were the second leading cause
of YLDs globally, contributing 125.3 million (95% UI: 93.0-163.2), or 14.6% (12.2—16.8)
of global YLDs in 2019. Although schizophrenia ranks twentieth globally for YLDs, its
impact varies with age, being the ninth leading cause among those aged 25 to 49,
coinciding with its typical onset in early adulthood (GBD 2019 Mental Disorders
Collaborators, 2022).
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Figure 4. A schematic representation of burden metrics and their relation to schizophrenia. The figure
illustrates, at the top, the method used to calculate burden metrics, such as Disability Adjusted Life Years
(DALYs), a measure that combines both years lived with disability (YLDs) and years of life lost due to
premature death (YLLs). At the bottom, it shows the prevalence of schizophrenia and the distribution of
DALYs across different age groups. Additionally, it presents the total DALYs estimated for all mental
disorders and highlights the percentage attributable to schizophrenia.

1.4. Pathophysiology of schizophrenia: focus on synaptic plasticity

Schizophrenia symptoms can be understood as the difficulty of the brain in regulating
goal-directed behavior and integrating complex sensory information. These diverse
symptoms are likely connected to the processes that shape brain structure and function.

In the human brain, neurons interact through synapses, which are composed of a
presynaptic terminal, a postsynaptic structure, and the synaptic cleft between them
(Holler et al., 2021). Throughout life, from birth to adulthood, brain development depends
on synaptic plasticity, the process by which neurons modify their connections in response
to external signals, refining synapses and creating neural circuits (Marzola et al., 2023).
Plasticity depends on neuronal excitability, with neurons generating action potentials in
response to stimuli, causing temporary changes in the electrical charge of the neuronal
membrane via voltage-gated ion channels (Ma et al., 2023). The brain relies on two types
of synaptic plasticity to support memory and behavior: short-term and long-term
plasticity. Short-term plasticity, lasting milliseconds to minutes, plays a crucial role in
short-term memory and immediate behavioral responses. It is driven by an increase in
presynaptic calcium levels, which enhances neurotransmitter release. Long-term
plasticity, which involves persistent changes lasting hours to days, includes long-term
potentiation (LTP) and long-term depression (LTD), both mediated by activity-dependent



signaling pathways. On the one hand, LTP, a strengthening of synapses, is essential for
long-term memory storage. It is initiated by calcium influx through NMDA (N-methyl-D-
aspartate) receptors, which increases calcium levels in dendritic spines. This activates
signaling  pathways that insert AMPA (alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors into the postsynaptic membrane, enhancing synaptic
efficacy and strengthening the connection (Magee & Grienberger, 2020). In contrast, LTD,
a weakening of synapses, is critical for synaptic pruning, learning, and memory flexibility.
It is triggered by prolonged low-frequency stimulation, which activates calcium signaling
pathways that lead to the removal of AMPA receptors from the postsynaptic membrane,
reducing synaptic efficacy (Cummings et al., 1996). Then, the spatiotemporal dynamics
of the calcium signal, along with its overall amplitude determine the direction of the
synaptic change, whether towards LTP or LTD. This ability of the brain to reorganize both
structure and function allows neural networks to develop new skills while maintaining
stability (Bassi et al., 2019). Synaptic plasticity is therefore essential for vital cognitive
functions such as thinking, perception, learning, and memory, as it plays a key role in
encoding and storing information. Moreover, it helps the brain adapt to challenges,
highlighting its importance in maintaining cognitive health and resilience (Stuchlik, 2014).

Consequently, among the various theories that seek to explain the core
pathophysiological changes in schizophrenia, one suggests that the disorder stems from
impaired regulation of synaptic plasticity (Howes & Onwordi, 2023). This hypothesis
posits that a defect in the prefrontal cortex emerges during early development, potentially
due to inadequate synaptogenesis, and worsens during adolescence when excessive
pruning of excitatory synapses reduces synaptic density. Feinberg first proposed this idea
in 1982, noting that in healthy brains EEG wave amplitudes, neuronal metabolism, and
neuroanatomical plasticity mirror synaptic density trajectories, which peak in childhood,
decline during adolescence, and stabilize in adulthood. He observed that schizophrenia
often begins during adolescence, a period of intense synaptic pruning that aligns with the
peak of cognitive performance (Feinberg, 1982).

Since its early postulation, this theory has been supported by diverse evidence. On
the one hand, histological studies have revealed significant synaptic abnormalities in
schizophrenia patients compared to controls. For instances, pre-synaptic synaptophysin
levels are lower in key brain regions, while post-synaptic elements, such as dendritic spine
density and protein expression, are notably reduced, particularly in cortical areas
(Berdenis van Berlekom et al, 2020; Osimo et al, 2019). Additionally, electron
microscopy confirms fewer synapses, including axon-spinous and axon-dendritic
synapses in the anterior cingulate cortex, reduced glutamatergic synapses in the striatum,
and fewer inhibitory synapses in the substantia nigra (Aganova & Uranova, 1992; Kung
et al., 1998; Mabry et al., 2020; McCullumsmith et al., 2014; Roberts et al., 2015). On the
other hand, while the exact mechanism behind excessive pruning is still under
investigation, animal models suggest that complement proteins like C3 and C4 tag
redundant synapses for removal by microglia (Faust et al., 2021). Notably, human iPSC



(induced pluripotent stem cells) models also show increased complement-dependent
synaptic elimination, indicating glial involvement (Sellgren et al., 2019). Besides,
environmental factors such as maternal infections, obstetric complications, immune
activation, trauma, and stress, all known schizophrenia risk factors, also activate microglia
(Hanamsagar & Bilbo, 2017).

Beyond histological and in vitro models examining synaptic density and pruning
mechanisms, early neurochemical studies indicate that synaptic plasticity alterations are
also reflected in neurotransmitter system dysfunctions. On the one side, multiple lines of
evidence link psychotic symptoms to dopaminergic neurons in the mesolimbic pathway,
which under normal conditions signal the relevance of stimuli (Kesby et al., 2018; Luo &
Huang, 2016). Dopamine, a neurotransmitter with both inhibitory and excitatory roles, is
released into the synaptic cleft and binds to post-synaptic receptors (D1, D2, D3, D4, and
D5) (Martel & Gatti McArthur, 2020). Pharmacological studies have shown that
dopamine-releasing drugs like amphetamines can induce psychosis in healthy individuals
and worsen symptoms in those with schizophrenia (McKetin et al, 2019; Rognli &
Bramness, 2015). Similarly, molecular imaging reveals increased striatal dopamine
synthesis and release in patients, even during the prodromal phase, with activity
intensifying as the disorder progresses (Egerton et al., 2013; van Hooijdonk et al., 2023;
Watanabe et al, 2014). Post-mortem studies also report higher expression of
dopaminergic receptors (Reynolds, 2022). This overactivation of dopaminergic neurons
has been proposed to explain positive symptoms of schizophrenia, though it does not
fully account for negative or cognitive symptoms (Laruelle & Abi-Dargham, 1999). On
the other side, dysfunctions in the glutamatergic neurotransmitter system and its receptor,
the NMDA, the most abundant excitatory neurotransmitter in the brain, have also been
observed (Zhou & Danbolt, 2014). This theory arose from observations that NMDA
receptor antagonists, like phencyclidine and ketamine, can induce positive symptoms in
healthy individuals, alongside findings of antipsychotic neuroprotection against NMDA-
hypofunction-induced neurodegeneration in animal models (Beck et al., 2020; Villéga et
al., 2024; Zorumski et al,, 2016). Additionally, many other pieces of evidence from
clinical, neuroimaging and post-mortem studies have provided evidence on NMDA
hypofunction and glutamatergic neurotransmission abnormalities in the pathophysiology
of schizophrenia (Kruse & Bustillo, 2022; Uno & Coyle, 2019). Even though these are the
neurotransmitter systems with the strongest evidence in schizophrenia, other
neurotransmitter types, including endocannabinoid and serotonin systems, have been
associated with the disorder (Stahl 2018; Jauhar et al. 2022; Durieux et al. 2022).

In addition, synaptic plasticity dysfunction in schizophrenia can be interpreted through
the lens of neuroanatomical and neurofunctional changes, which are widely documented
in the disorder. Structural Magnetic Resonance Imaging (MRI) techniques (Box 1) have
provided valuable insights into grey and white matter abnormalities in schizophrenia, with
meta-analyses and large consortium studies clarifying global and region-specific brain
alterations in schizophrenia. Common structural findings include ventricular



enlargement, increased cerebrospinal fluid volume, and reduced total brain and
intracranial volumes, indicating a generalized loss of brain tissue. This is primarily driven
by significant decreases in total grey matter volume, particularly in cortical regions, with
smaller but notable reductions in white matter volume (Haijma et al., 2013; Kuo & Pogue-
Geile, 2019). Subcortical changes include increased volumes in the globus pallidus and
decreased volumes in the nucleus accumbens, hippocampus, amygdala, and thalamus
(Haijma et al,, 2013; Kuo & Pogue-Geile, 2019; van Erp et al., 2016). Cortical changes
include significant grey matter volume reductions in the frontal, temporal, parietal, and
occipital lobes, as well as in the cingulate gyrus and insula. The most pronounced volume
reductions are seen in the frontal lobe, affecting prefrontal regions and specific areas such
as the inferior, middle, and superior frontal gyri, and in the temporal lobe, including the
superior temporal gyrus, fusiform gyrus, and planum temporal (Haijma et al., 2013; Kuo
& Pogue-Geile, 2019). These structural alterations have been also described in drug-free
and first-episode patients (Brugger & Howes, 2017; Glahn et al, 2008). Additionally,
widespread cortical thinning and surface area reductions have been reported in patients,
with the most significant effect sizes in frontal and temporal regions (Erp et al., 2018).

Alterations in grey and white matter contribute to dysfunctions in neural
communication and overall brain function. In line with this, disruptions in synaptic
plasticity are supported by functional MRI findings that have highlighted the impact of
abnormal neuronal excitability. Meta-analysis of functional MRI studies using resting-
state paradigms reported hypo-connectivity within the default-mode, affective, ventral
attentional, thalamus and somatosensory networks (Dong et al, 2018). Additionally,
functional brain abnormalities in schizophrenia have been identified across several
cognitive domains, with a strong emphasis on working memory (Box 2). Meta-analyses
of functional MRI studies investigating these tasks consistently reveal dysfunction in
critical areas of the central executive and salience networks, such as the bilateral
dorsolateral prefrontal cortex, posterior parietal cortex, anterior insula, anterior cingulate
cortex, and supplementary motor area. Moreover, schizophrenia patients show
deactivation abnormalities in core regions of the default mode network, including the
ventromedial prefrontal cortex and posterior cingulate cortex (Wu & Jiang, 2020).

Although structural and functional MRI evidence does not represent a direct measure
of synaptic plasticity alterations, some remarkable studies have suggested that changes
in grey matter volume and cortical thickness reflect synaptic loss in schizophrenia (Keifer
Jretal, 2015; Nagasaka et al., 2021).



1. Introduction

Box 1. Structural Neuroimaging

Principle

In an MRI scanner, a strong magnetic field aligns hydrogen protons in the body, and after a
radiofrequency pulse disrupts this alignment, the protons emit energy as they return to their original
positions, which is captured as MR signals to generate images of brain activity. Two structural images are
generated, T1 (longitudinal relaxation time), that measures how quickly the protons realign with the
magnetic field, and T2 (transverse relaxation time), that tracks how quickly they lose phase coherence
(Grover et al., 2015).

Analysis

To analyze cortical morphology using T1 weighted MRI, two key methods are voxel-based
morphometry (VBM) and surface-based morphometry (SBM). Both techniques segment grey and white
matter into anatomical regions, but VBM focuses on estimating grey matter volume, while SBM offers
detailed measurements of features like cortical thickness, surface area, and gyrification (Goto et al., 2022).

Software

FreeSurfer is a widely used tool for SBM, automatizating the segmentation of brain tissues, including
grey matter, white matter, and subcortical structures, for volumetric analysis. It also reconstructs detailed
cortical surface models for precise measurement of cortical features. Furthermore, FreeSurfer performs
cortical parcellation using anatomical atlases, like the Desikan-Killiany, enabling standardized analysis of
cortical regions across studies (Fischl, 2012).

Cortical parcellation using FreeSurfer
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Figure B1. Representation of the different regions of interest (ROI) parcellated by the FreeSurfer software
according to the Desikan-Killiany atlas. The figure displays, at the top section, left and right lateral and
medial views of the brain highlighting regions of interest in color, and at the bottom section, it includes a
legend with each region of interest labeled in its corresponding color. Image generated using the R packages

ggplot and ggseg.
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1. Introduction

Box 2. Functional Neuroimaging

Principle

Like structural MRI, functional MRI (fMRI) uses a strong magnetic field and radio-frequency pulse to
align hydrogen protons, capturing the energy they emit as MR signals when they realign. In this case, the
capture is based on the Blood Oxygen Level-Dependent (BOLD) signal that is an indirect measure of brain
activity. When neurons become active, local blood flow increases to supply more oxygen, which reduces
the amount of deoxyhemoglobin compared to oxyhemoglobin. Deoxyhemoglobin, being paramagnetic,
alters the magnetic field and affects the precession speeds of nearby protons, unlike oxyhemoglobin, which
is diamagnetic. This alteration in precession speeds is detected by the scanner as a weaker T2 signal, which
measures how quickly the protons lose phase coherence, compared to when the blood is oxygenated
(Hillman, 2014).

Analysis

Notably, fMRI is commonly used to examine brain regions activated during different tasks using
software like FSL. The BOLD signal at each voxel is modeled based on the task the subject is performing,
with brain activity compared across different conditions (Smith et al., 2004).

N-back paradigm

A popular example is the N-back task, a working memory fMRI paradigm that varies in difficulty to
increase memory load and engage attention and working memory processes. At lower difficulty levels,
frontally centered networks are crucial for attention-based performance, while higher memory loads
activate both frontal and parietal networks involved in working memory (Kane et al., 2007). This task is
particularly valuable as it specifically assesses working memory, the capacity to retain and manipulate
information for goal-directed behavior, which is strongly influenced by genetic factors, with heritability
estimates between 43% and 49% (Blokland et al., 2011). Both patients with schizophrenia and their affected
siblings exhibit deficits in this area compared to healthy individuals, resulting in significant impairments in
daily functioning (Park et al., 1995; Wu & Jiang, 2020).

Representation of the N-back task

1-back (48 seconds) 16 seconds 2-back (48 seconds)

Figure B2. Representation of the sequential-letter version of the N-back task used in the fMRI paradigm
of this thesis. The figure represents the objective of the task, which is to indicate letter repetitions. There
are two memory load levels: the 1-back (most accessible level, in blue) and the 2-back (most challenging
level, in yellow), presented in a blocked design manner. The whole task consists of four blocks for each
level presented interleaved and separated by a baseline stimulus (asterisk), each containing five letter
repetitions randomly located.
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1.5. Treatment strategies for schizophrenia

Once diagnosed with schizophrenia, individuals may be treated with a combination of
medication, psychological intervention, and community-based assistance.

Pharmacological interventions for schizophrenia are largely informed by the
pathophysiological hypotheses of the disorder, particularly the role of dopamine
dysregulation. Most antipsychotic drugs developed to date act as dopamine D2 receptor
antagonists (Ginovart & Kapur, 2012). These medications are categorized into first-
generation antipsychotics (FGAs), such as haloperidol and chlorpromazine, and second-
generation antipsychotics (SGAs), including clozapine, risperidone, olanzapine, and
quetiapine. While both FGAs and SGAs block dopamine D2 receptors, they differ in their
binding affinities and receptor profiles (Siafis et al., 2021). Additionally, some SGAs also
bind to receptors in the adrenergic, cholinergic, and histaminic systems, which contributes
to their lower risk of extrapyramidal side effects (de Greef et al., 2011). Depending on the
specific receptor profile, these medications can lead to side effects such as sedation (from
histamine blockade), orthostatic hypotension (from adrenergic blockade), and symptoms
like dry mouth, constipation, hyperthermia, and cognitive impairment (from cholinergic
blockade) (Kapur & Remington, 2001).

Comparisons between SGAs and FGAs, as well as within each category, reveal no
consistent differences in efficacy, except for clozapine, which has shown superiority in
treatment-refractory schizophrenia, which affects about one-third of cases and
significantly lowers their quality of life (Leucht et al., 2013). This drug acts as a dopamine
receptor antagonist, showing low occupancy at D2 receptors and high affinity for D4,
while also binding strongly to serotonin, adrenergic, histamine, and muscarinic receptors.
Its rapid dissociation from D2 and antagonism of serotonin 5-HT2A (5-
hydroxytryptamine) receptors likely contribute to its effectiveness, while its broad
receptor interactions account for many of its side effects (Kapur & Seeman, 2001).
Although the exact molecular pathways critical to its effectiveness are unclear, animal
studies suggest that clozapine improves behavioral outcomes by modulating genes
related to cholesterol metabolism, GABAergic function, cell cycle control, neurotrophins,
and synaptic plasticity through reducing methylation or producing histone modifications
(Guidotti et al., 2017). Meanwhile, human studies are constrained by limited access to
post-mortem brain samples and the infrequent use of this treatment among patients. One
study using publicly available schizophrenia transcriptomic data found that three genes
(GCLM, ZNF652, GYPC) and four pathways involved in protein trafficking, neuronal
migration, brain development, and synaptic function were consistently differentially
expressed in clozapine-treated patients compared to those on other medications (Lee et
al., 2017).

Although various factors influence the course and prognosis of the disorder, evidence
highlights that adherence to pharmacological treatment is crucial during this period
(Verdoux et al., 2000). The longer psychotic symptoms go untreated, the higher the risk



of relapses and significant clinical deterioration (Penttild et al., 2014). Although the
maximum effect, however, may not be achieved for several months, response over the
first 2—4 weeks of antipsychotic therapy is highly predictive of long-term response (Kinon
et al., 2010). Response to antipsychotics also depends on the illness stage, with first-
episode patients typically showing quicker and higher response rates than those in later
stages (Emsley et al., 2006).

Other non-pharmacological treatments have also shown promising results in
enhancing symptoms and quality of life for patients. For instance, assertive community
treatment, for example, have been linked to improvement of independent living and
treatment retention, though it has been proved to have limited impact on core symptoms
(Coldwell & Bender, 2007; Frederick & VanderWeele, 2019). Also, family interventions
have been associated with reduce relapse rates, though they have been shown to have
minimal effect on other outcomes (Kim & Park, 2023). Besides, illness self-management,
psychoeducation, and social skills training have been related to decrease symptom
severity and relapse rates, improving social and global function, each adding valuable
support to patient care (Lean et al., 2019).

Among behavioral interventions, cognitive therapies, including cognitive behavioral
therapy and cognitive remediation, are the most recommended evidence-based
approaches for schizophrenia, offering benefits in enhancing global function, quality of
life, and core symptoms, through their long-term effects continue to be an area of active
research (Berendsen et al., 2024). Specifically, cognitive remediation, which can be
delivered via a therapist-supported web-based program like CIRCuiTS (Computerized
Interactive Remediation of Cognition and Thinking Skills; Reeder & Wykes, 2010), has
shown particular benefits for individuals with more severe clinical impairment (Wykes et
al., 2002). Additionally, its efficacy has been supported by its capacity to modulate brain
function and structure, neuroimaging studies consistently reveal increased bilateral
activation in prefrontal and parietal areas as the most common finding associated with
CRT (Mothersill & Donohoe, 2019; Penadés et al., 2017). Furthermore, changes in
neuronal-connectivity (Penadés et al., 2020; Ramsay et al., 2017), along with structural
modifications in white matter (Matsuoka et al., 2019; Penadés et al,, 2013) and grey
matter (Eack et al., 2010; Morimoto et al., 2018), have been observed. Interestingly, these
functional and structural changes correlated with behavioral improvements in most of
the mentioned studies.

It is crucial to acknowledge that current treatments rarely result in a complete cure.
As mentioned, a substantial proportion of patients may show limited responsiveness, with
cycles of relapse and remission, and some may experience a progressive worsening of
symptoms. While positive symptoms tend to receive considerable focus due to their
visibility and often show improvement with antipsychotic medications and psychological
interventions, it is the negative and cognitive symptoms that most substantially contribute
to the overall morbidity and functional impairment associated with schizophrenia



(Carbon & Correll, 2014). Therefore, it has been suggested that the most effective
treatment combines pharmacological approaches, such as antipsychotics, with cognitive
or psychological interventions.

1.6. Etiological factors of schizophrenia

Although the underlying causes and mechanisms of schizophrenia remain largely
unknown, substantial evidence suggests that it is a complex and multifactorial origin
resulting from both genetic and environmental factors as well as their interaction through
epigenetic mechanisms that, in a coordinated manner, orchestrate brain development
and maturation (Figure 5).
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Figure 5. An illustration depicting the complex and multifactorial etiology of schizophrenia. The top
section of the figure highlights structural changes in the brain, while the bottom features an arrow
representing the timeline of brain development, shaped by the interplay between genetic factors and
environmental influences. Adapted figure (Silbereis et al., 2016)

Environmental factors

Epidemiological studies have identified many environmental factors associated with
the increased risk of schizophrenia, suggesting a complex picture with a multitude of
social, physical and chemical exposures occurring at different stages of life (Stilo &
Murray, 2019).

A controversial factor in schizophrenia risk is parental age. Increased paternal age,
starting from over 34, has been linked to the disorder, possibly due to age-related
mutations in male germ cells, although personality traits leading to delayed marriage and
reproduction may also play a role (Janecka et al., 2017; Khachadourian et al., 2021). In
contrast, maternal age, particularly younger than 19 or older than 40, has similarly been
associated with an elevated risk of schizophrenia in offspring (Byrne et al., 2003; Ni et al.,
2018).

One vulnerability window for schizophrenia occurs during the prenatal and perinatal
periods (Schmitt et al., 2023). Common obstetric complications associated with an



increased risk of schizophrenia include bleeding, diabetes, rhesus incompatibility, pre-
eclampsia, and uterine atony. Additionally, emergency cesarean sections, placental
abruption, and perinatal hypoxia further elevate the risk (Radua et al., 2018). All these
events do not have a dismissible risk, as the pooled odds ratio is around 2 (Belbasis et
al., 2018). Similarly, maternal stress and infections have also been linked to higher risk,
such as people born in winter that are more exposed to maternal respiratory infections
or to maternal malnutrition, including folic acid or vitamin D deficiency, occurring during
these months (Pugliese et al., 2019). These complications can disrupt normal fetal growth
and development, increasing the risk of schizophrenia and leading to outcomes such as
prematurity, low birth weight (odds ratio ~3.2), small head circumference (odds ratio
~1.6), and congenital malformations (odds ratio ~2-2.5) (Harper et al., 2015; Rubio-
Abadal et al., 2015). However, long-term consequences of prenatal and perinatal hazards
include not only association with psychosis but also with a range of cognitive deficits and
neurological abnormalities as well as other psychiatric and neurodevelopmental
disorders (Amoretti et al., 2022).

Childhood is another susceptibility period for schizophrenia, as adversities like sexual,
physical, emotional, or psychological abuse, neglect, parental death, or bullying are linked
to a significantly higher risk of developing psychosis in adulthood (odds ratio ~ 2.8)
(Varese et al,, 2012). These childhood adversities are especially associated with more
severe positive symptoms in adulthood, such as hallucinations and affective symptoms
(Trotta et al., 2015).

Other factors are also associated with an increased risk for schizophrenia.
Demographic factors, like migration status, are associated with an increased risk of
psychosis, though this risk varies significantly depending on factors such as country of
origin and destination, reasons for migration, and age at migration (Bourque et al., 2011,
Leaune et al, 2019). Economic factors also play a role, with countries experiencing
greater economic disparity showing higher incidence rates of schizophrenia (Burns et al.,
2014). Conversely, employment serves as a protective factor, linked to better social
functioning, less severe symptoms, improved quality of life, and higher self-esteem for
those living with schizophrenia (Luciano et al, 2014). Moreover, neighborhood
environments, such as low socioeconomic status, community instability, and urban living,
are associated with a higher prevalence of psychotic disorders and reduced cognitive
function in older adults (Fett et al., 2019; O’Donoghue et al., 2016; Wu et al., 2015).
Meanwhile, racial segregation has mixed effects, as it can exacerbate social disparities
but, at the same time, high-density ethnic communities may provide increased social
support, offering protective benefits (Bosqui et al., 2014). Finally, personal environments,
including social capital and networks, are often diminished in individuals with psychotic
disorders, not only because of social exclusion due to their condition but also as a
contributing factor (Silva et al., 2005).



Genetic factors

To investigate the influence of genetic and environmental factors in the development
of schizophrenia, researchers have employed family, adoption, and twin studies, which
have provided valuable insights into the relative contributions of each factor to the
disorder.

Family studies, which aim to investigate whether a condition clusters among family
members across generations, have shown that schizophrenia is more prevalent among
the relatives of diagnosed patients compared to the general population (Henriksen et al.,
2017) (Figure 6). More specifically, they have indicated that the risk of developing the
disorder increases with the degree of familial relatedness to a proband, meaning that a
higher degree of shared genetics corresponds to an increased likelihood of the condition
(Gottesman, 1991). For instance, when the affected family member is a first-degree
relative, such as a parent or sibling, the relative risk is between 9.0 and 9.9. In contrast,
for second-degree relatives, such as half-siblings, the relative risk is between 2.7 and 3.6
(Lichtenstein et al., 2009). A recent meta-analysis further supports these findings,
estimating that the risk of developing schizophrenia increases eightfold for first-degree
relatives compared to the general population (Le et al., 2020). Interestingly, this risk is not
limited to schizophrenia, as having a psychotic disorder increases the likelihood that
relatives will develop the same or another psychotic condition, thus supporting the idea
of the psychotic continuum (Sandstrom et al., 2019).

General population || 1% Percent shared genes
First cousin 2% 3rddegree relatives= 12.5%
Uncles/aunts 2% 2rd degree relatives = 25%
=50%
Nephew/nieces 4% Monozygotic twins = 100%
Grandchildren 5%
Half siblings 6%
Parents 6%
Siblings 9%
Children 13%
Dizygotic twins 17%
Monozygotic twins 48%
Schizophrenia Risk

Figure 6. Rates of schizophrenia among relatives of patients with schizophrenia. The figure depicts the
increasing risk of developing schizophrenia depending on the increasing number of shared genes between
family members and their affected relatives. Adapted figure (Gottesman, 1991).

However, while familial clustering strongly suggests a genetic contribution, family
studies alone cannot distinguish whether this is due to genetic factors or shared familial



environmental influences. In this regard, adoption studies help to distinguish genetic and
environmental influences on family resemblance by comparing rates of the disorder in
biological family members, that are genetically related, to those in adoptive families, that
are environmentally related. These studies have indicated that adoptees with biological
progenitors affected by schizophrenia, which are supposed to carry a stronger genetic
liability, not only present a higher risk towards schizophrenia-spectrum disorders but also
are more sensitive to environmental problems in the adoptive family (Tienari et al., 2004).

Despite this body of evidence highlighting the significant role of genetics, it does not
allow for an exact estimation of their contribution. In this context, twin studies, conducted
to estimate the genetic and environment contributions to the variance in liability to the
disorder, have shown that schizophrenia is much more likely to occur in both members
of monozygotic (MZ) twin pairs, with concordance rates between 41% and 65%,
compared to 0% to 28% in dizygotic (DZ) twins (Cardno & Gottesman, 2000; Gottesman,
1991). Since both types of twins are raised in the same environment but differ in the
amount of genes they share, with MZ twins sharing 100% and DZ twins 50%, the higher
concordance in MZ twins suggests that familial aggregation of schizophrenia is mainly
due to genetic factors. Moreover, the observed similar risk of developing schizophrenia
in the children of unaffected and affected MZ twins, compared to the higher risk in
children of affected DZ twins, suggests that unaffected MZ twins may carry unexpressed
susceptibility genes for the disorder (Gottesman & Bertelsen, 1989). However, more
importantly, these approaches have enabled researchers to estimate the proportion of
phenotypic variability due to genetic factors, known as heritability (h?), which is currently
estimated to be between 60-80%, underscoring the significant role of genetics (Hilker et
al., 2018; Sullivan et al., 2003).

Given the prominent role of genetics in the etiology of schizophrenia, vast research
has focused on unraveling its genetic architecture to better understand its
pathophysiology and improve diagnosis and treatment strategies. Molecular studies have
revealed that schizophrenia is highly polygenic, with genetic risk stemming from the
cumulative effects of thousands of common alleles, such as single nucleotide
polymorphisms (SNPs) and copy number polymorphisms (CNPs), and few rare mutations
with greater impact, like single nucleotide variants (SNVs) and copy number variants
(CNVs) (Foley et al., 2017; Legge, Santoro, et al., 2021; Owen et al., 2023) (Box 3).

In the search for genes and specific variants linked to schizophrenia risk, hypothesis-
driven research has employed two main approaches focused on candidate gene studies.
This include methodologies such as case-control comparisons, where genetic variant
frequencies are contrasted between affected individuals and healthy controls, and family-
based approaches, which examine the transmission of specific alleles from heterozygous
parents to affected offspring compared to the non-transmitted alleles (Ewens & Spielman,
1995). Studies performed with families have the advantage of reducing population
heterogeneity by focusing on genetically similar pedigrees with consistent environmental



exposures (Glahn et al, 2019). However, collecting sufficiently large and well-
characterized family samples can be challenging, making case-control studies more
scalable. In these studies, genes are often selected based on positional evidence from
linkage studies or structural variations (e.g., COMT, DAO, DISC1, DTNBP1, NOTCHY,
NGRI), or based on hypotheses regarding the etiology of schizophrenia, such as the
dopaminergic hypothesis (e.g., DRDI, DRD3, DRD4, COMT), or due to pharmacological
relevance (e.g., HTR2A, SLC6A3, SLC6A4) (Collins et al., 2012). These studies have made
significant contributions to our understanding of schizophrenia etiology, with over 1,700
genetic association studies cataloged, covering 1,008 genes and 8,788 polymorphisms
(Allen et al., 2008). Moreover, meta-analytic results have further reinforced the role of
these candidate genes in schizophrenia (Glatt et al., 2003; Gonzalez-Castro et al., 2016;
Jagannath et al,, 2018; Li et al., 2016; Mohamed et al., 2018; Watanabe et al., 2013).

Complementing the approaches mentioned, genome-wide association studies
(GWAS) employ a hypothesis-free method to analyze millions of common genetic
variants across the genome, comparing their frequencies between individuals with
schizophrenia and controls. This method has proven more effective than candidate gene
studies in identifying genetic variants associated with schizophrenia. However, due to the
vast number of variants analyzed, GWAS requires large sample sizes and stringent
significance thresholds (typically p < 5 x 107%) to minimize false positives. Larger samples
increase statistical power, enabling the accurate identification of independent loci. For
example, the four GWAS conducted by the Psychiatric Genomics Consortium have
progressively expanded in size and thus in the identified variants, with the latest study
identifying 287 loci across a sample of 76,755 patients and 243,649 controls (Pardifias et
al., 2018; Ripke et al., 2014; Trubetskoy et al., 2022).

Importantly, GWAS objectives extend beyond identifying specific genes. Pathway and
gene set enrichment analyses have shown that the identified genetic variants converge
on biological mechanisms like those highlighted in earlier candidate gene studies.
Specifically, the latest GWAS reports that schizophrenia-associated genes are primarily
expressed in excitatory and inhibitory neurons of the central nervous system. These
genes also converge into biological processes related to development, neuronal
differentiation, neuronal function, and synaptic transmission and involve key cellular
components like ion channels and synapses (Trubetskoy et al., 2022).

Additionally, these studies have introduced a method to quantify the genetic burden
each individual carries for a given trait, known as the polygenic risk score (PRS). This is
a valuable tool for estimating the cumulative genomic risk of a person, calculated by
summing the additive effects of each genotyped variant and weighting them according
to effect sizes estimated in genome-wide association studies (Choi et al., 2020). While the
PRS for schizophrenia is not intended as a diagnostic tool, it serves as a highly informative
measure for assessing individual risk for the disorder in research contexts and has shown
strong consistency across studies and sample groups (Raben et al., 2022). A higher



schizophrenia PRS has been observed not only in schizophrenia patients but also in high-
risk individuals and first-degree relatives (Perkins et al., 2020; van Os et al., 2020).

To expand the search for genetic contributors to schizophrenia, researchers have also
focused on identifying rare genetic variants. However, this effort has proven challenging
due to the polygenic nature of schizophrenia, the scarcity of harmful variants subject to
natural selection, and the vast presence of benign rare variations within the population.
Early methodologies such as fluorescence in situ hybridization (FISH) or comparative
genomic hybridization (CGH) identified the 1.5-3 MB deletion in 22ql11.2, with
individuals carrying this deletion have a lifetime risk of developing schizophrenia of
approximately 25-30%, significantly higher than the general population risk of around
1% (Van et al., 2017). With the advent of genome technologies, such arrays and whole-
exome or whole-genome sequencing, more rare variants have been identified. The latest
and biggest whole-genome array study, involving over 40,000 cases and controls, has
identified eight CNVs associated with schizophrenia risk, with VRXN! exonic deletions
being the only CNV linked to gene disruption. Although these deletions are rare in general
population, they affect wide range of cases, spanning from 0.015%—0.64%, and confer a
notably high risk for schizophrenia, with odds ratios ranging from 1.8 to 81.2 (Rees &
Kirov, 2021). Additionally, individuals with schizophrenia show an enrichment of CNVs
larger than 20 KB compared to controls, particularly those overlapping genes, which
carry the strongest risk effects (Marshall et al., 2017). Meanwhile, exome-sequencing
studies focusing on SNVs and indels, particularly in parent-offspring trios, have shown
that de novo damaging coding variants in schizophrenia cluster in genes intolerant to
protein-truncating variants (PTVs), genes implicated in early-onset neurodevelopmental
disorders, and associated with glutamatergic postsynaptic proteins (Fromer et al., 2014;
Howrigan et al,, 2020). Also, case-control exome-sequencing studies have revealed an
enrichment of ultra-rare damaging coding variants within these same gene sets in
schizophrenia patients (Genovese et al., 2016; Singh et al., 2022).

Importantly, recent GWAS estimates that SNP-based heritability accounts for around
24% of the schizophrenia risk (Trubetskoy et al., 2022). In comparison, the heritability
attributed to SNVs and indels is approximately 2%, which is also the estimated
contribution of CNVs (Weiner et al., 2023). This still leaves the issue of missing heritability,
the gap between the variance explained by common variants and the higher estimates
from twin studies. This difference arises because the genetic architecture of schizophrenia
involves both interactions between genes (epistasis) and gene-environment interactions
(Zuk et al., 2012). However, deciphering the epistatic networks involved in schizophrenia
presents a significant methodological challenge. While meta-analyses using pairwise
testing of independent loci have not yielded success, a more recent study employing
discrete discriminant analysis, which examines a broader range of interacting partners
beyond SNP pairs, demonstrated that collective interaction analysis significantly
enhanced the association with schizophrenia (Ripke et al., 2014; Woo et al., 2017).
Pathway analysis of these SNP networks suggested a disease mechanism in which
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maternal immune activation disrupts neurogenesis and causes deficits in cortical
interneurons, ultimately leading to symptoms triggered by synaptic pruning (Woo et al.,
2017).

Box 3. Human genome and genetic variants

The diploid human nuclear genome, which contains the complete set of DNA instructions in each cell,
is composed of approximately 3.2 billion nucleotides in males and 6.4 billion in females. These nucleotides,
known as adenine, cytosine, guanine, and thymine, are arranged across 24 chromosomes, including 22
autosomes and two sex chromosomes, X and Y. The specific sequence of these nucleotides forms the
genetic blueprint that guides the body's development and function. The human genome includes around
60,498 predicted genes. Of these, 19,881 are responsible for coding proteins, while 25,813 are non-coding,
and the rest are considered pseudogenes. Interestingly, the information for protein-coding genes is found
within only 1.5% of the entire genome (Brown, 2002).

Approximately 0.4% of the nucleotides in the human genome vary between individuals, contributing to
genetic diversity and differing disease susceptibility. These genomic variants include single-nucleotide
variants (SNVs), where a single nucleotide is altered, and indels, involving the insertion or deletion of fewer
than 50 nucleotides. Copy number polymorphisms (CNPs) are short, repeated sequences that vary among
individuals. Larger genomic variations stem from structural changes, where regions of 50 to thousands of
nucleotides are inserted, deleted, inverted, relocated, or repeated, known as copy-number variants (CNV5s)
(Bachtiar et al., 2019). The 1000 Genomes Project revealed a wide range of genetic diversity, including 84.7
million SNVs, 3.6 million indels, and 60,000 structural variants. On average, an individual’s genome contains
about 5 million SNVs, 600,000 indels affecting 2 million nucleotides, and 25,000 structural variants
spanning over 20 million nucleotides compared to a reference genome (Auton et al., 2015).

The genetic makeup of an individual is heavily influenced by their ancestry, with allele frequencies
within a population varying according to ethnic background. Given the population rate of the less frequent
variant (allele), also referred to as minor allele frequency (MAF), the genetic variants are classified as
common (MAF >1%), uncommon (MAF 0.1-1%), rare (MAF <0.1%), and ultra-rare (MAF <0.001%).
Different types of genomic variants with varying MAFs contribute distinctly to psychotic disorders, as
illustrated in the figure below (Sullivan et al., 2024).
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Figure B3. Frequency of genetic variants in healthy population and their size effect in relation to
schizophrenia risk. The figure shows that rare variants found through whole-exome sequencing (WES) and
CNVs (on the left side) are rare but have strong effects, while those common variants discovered via GWAS
(on the right) are common but have weaker effects. Adapted figure (Sullivan et al., 2024).
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Epigenetics

Adding further complexity to the etiology of schizophrenia epigenetic mechanisms are
also involved, as well as transcriptional and post-transcriptional regulation. These
processes contribute to cellular diversity in function and structure despite the uniformity
of the genetic code (Franks et al.,, 2017). Key regulatory levels include control of gene
expression via methylation and histone modifications, which influence chromatin
accessibility, alongside processes that regulate RNA splicing, processing, and degradation
(Bacon & Brinton, 2021; Focking et al., 2019; Reichard & Zimmer-Bensch, 2021; Richetto
& Meyer, 2021; Smigielski et al., 2020).

Prominently studied among these mechanisms is DNA methylation (Moore et al.,
2013) (Box 4). However, the relationship between methylation and gene expression is
believed to be complex, with the balance between methylation levels in the promoter
and gene body regions being crucial for effective regulation (Wagner et al., 2014). In the
brain, methylation plays a twofold role: during development, the balance between
methylation of germ line-specific genes that suppress pluripotency and demethylation of
neuron-specific genes is key to facilitate neuronal specialization; in the mature brain,
methylation changes can be induced by neuronal activity, contributing to complex
cognitive processes such as learning and memory (Halder et al., 2016; Murao et al., 2016;
Sun et al, 2016). The crucial nature of these mechanisms is evident in mice lacking
methylation machinery, which display abnormal synaptic plasticity and cognitive deficits
(Feng et al, 2010). Additionally, it is well-described that methylation processes are
influenced by environmental stimuli (Jirtle & Skinner, 2007), leading to changes, some of
which may have lasting effects, thus directly impacting gene expression and shaping the
phenotype (Jaenisch & Bird, 2003; Perera et al., 2020).

Much of the methylation research has focused on peripheral tissues, though this
comes with the limitation of not directly addressing brain-specific processes.
Interestingly, methylation differences have been observed in monozygotic twins
discordant for schizophrenia (Dempster et al., 2011; Fisher et al., 2015), and similar
changes have been detected in individuals at ultra-high risk for the disorder (Ciuculete et
al., 2017). Notably, specific methylomic alterations have also been reported to emerge
during the transition to psychosis (Kebir et al., 2017). Additionally, several methylome-
wide association studies have identified significant differences between schizophrenia
patients and healthy controls (Aberg et al., 2014; Hannon et al., 2016; Montano et al.,
2016). A meta-analysis has further highlighted that many of these studies converge on a
significant cluster of genes linked to synaptic membrane function and structure, as well
as genes involved in immune and stress responses (Chan et al, 2020). Although
peripheral methylation may not capture all brain-related disease changes, some studies
have shown promise by revealing significant correlations in methylation between blood
and brain tissue (Davies et al., 2012; Walton et al., 2016). Notwithstanding, beyond these
tissue correlations, investigating blood methylation remains valuable for biomarker
identification, particularly given the accessibility of the tissue and its reversible nature,
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which enables the examination of therapy-induced changes potentially leading to
enhanced patient care (Goud Alladi et al., 2018).

Box 4. DNA methylation mechanism

The process of DNA methylation consists of the covalent addition of a methyl group to cytosines to form
5-methylcytosine (5-mC) (Moore et al., 2013). This process is catalyzed by DNA methyltransferase proteins
(DNMTSs) that use S-adenosyl-methionine (SAM) as a primary methyl group donor and that is converted
to S-adenosine homocysteine (SAH) during the process. Three conserved DNMT enzymes are responsible
for the methyl mark: DNMT3A and DNMT3B catalyze de novo DNA methylation, whereas DNMT1
represents the maintenance enzyme, which restores the fully methylated state of DNA after replication
(Feng et al., 2010). The majority of 5-methylcytosine is frequently located in clusters of CpG dinucleotides,
called CpG islands, which are frequently found in gene promoter regions. This mark is generally a repressive
mark since it acts by blocking gene transcription, but this depends on the genomic context (Katirtzoglou et
al,, 2024).
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Figure B4. Schematic representation of DNA methylation process. The figure shows, at the top, the reaction
through which DNA methyltransferase proteins (DNMTs) add methyl groups using S-adenosyl-methionine
(SAM) as a primary methyl group donor and converted to S-adenosine homocysteine (SAH) during the
process transforming cytosine nucleotides into 5-methylcytosine. Adapted figure (Health, 700).

Methylation research has also been conducted using post-mortem brain tissue, as
obtaining living brain tissue through biopsies in schizophrenia patients is exceedingly rare.
Studies using human prefrontal cortex or hippocampus tissues have revealed important
differences in several well-established schizophrenia risk genes, including RELN, DRD2,
COMT, and HTR2A (Dempster et al., 2011; Ghadirivasfi et al., 2011; Guidotti et al., 2016;
A. Zhang et al., 2007). Moreover, whole methylation studies have unveiled novel genes
implicated in neuron development, synaptogenesis, synaptic transmission, and plasticity
(Alelu-Paz et al., 2016; Chen et al., 2014; McKinney et al., 2017; Oord et al., 2015; Pidsley
et al.,, 2014; Ruzicka et al.,, 2015, 2017; Viana et al., 2016; Wockner et al., 2014; Zhao et
al,, 2015).
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Simultaneously, other studies have examined gene expression, initially focusing on
candidate genes through PCR analysis, though primarily using microarrays and RNA
sequencing, to understand how genetic and environmental factors interact in the
modulation of schizophrenia (Wu et al., 2017). Much like methylation research, most gene
expression studies have focused on peripheral tissues, with a recent review identifying
dysregulated proline metabolism genes in blood. Additionally, this study suggests a
limited but notable overlap among genetic, epigenetic, and gene expression changes,
underscoring the interplay between genetic and environmental factors in schizophrenia
(Wagh et al., 2021). But these type of studies have been also performed in post-mortem
brain tissue, specially using prefrontal cortex or hippocampus, with a recent review
emphasizing the importance of genes related to circadian rhythms, immune response and
inflammation, alongside mitochondrial energy metabolism and oxidative
phosphorylation, myeloid leukocyte activation, cytoskeletal proteins, ion transport
regulation, neural development, neurite outgrowth, and synaptic plasticity (Merikangas
et al.,, 2022).

Moreover, considering the impact of methylation on gene expression, numerous
studies have investigated their relationship in post-mortem brain samples from
individuals with schizophrenia. These studies found that hypomethylation of the
promoter regions of most candidate genes associated with dopaminergic (DRDZ2, DRD3,
COMT), GABAergic (GADI), serotonergic (HTR2A), oligodendrocyte (SOX10), and
synaptic plasticity (RELN) functions correlate with increased expression of these genes
in the brain in SZ (Huang & Akbarian, 2007; Iwamoto et al., 2005; Kordi-Tamandani et
al, 2013; Kundakovic et al, 2007). In parallel, multi-omics studies integrating
transcriptomics and genome-wide methylation have confirmed this relationship for the
classical candidate genes and uncovered novel correlations in other genes involved in
nervous system development, adaptive immune response, and neuronal metabolism
(Chen et al,, 2014). Interestingly, these studies examining both methylation and gene
expression, suggest that these differences may be specific to particular brain regions and
cell types, with distinct genes involved in each context (Collado-Torres et al., 2019).

Notably, all the evidence derived from the research investigating etiological factors in
schizophrenia align with the neurodevelopmental hypothesis, which proposes that
genetic risk variants disrupt brain development and synaptic plasticity, ultimately
impairing the refinement of synapses and formation of functional neural circuits, leading
to a broad spectrum of clinical and subclinical symptoms later in life.



1.7. Neuritin-1 as a model for unraveling the path from genes to
clinical outcomes

Despite progress in psychiatric genetics, significant gaps remain in linking genetic
variants to schizophrenia phenotypic diversity. Whole-genome studies, while successful,
often overlook variability within cases due to their focus on large, homogeneously
diagnosed samples. To better understand how genetic variants influence clinical
outcomes, candidate gene studies typically follow up on these findings in more deeply
phenotyped cohorts. Given the wide range of symptoms in psychotic disorders, likely due
to genetic diversity, addressing clinical heterogeneity is crucial for improving the accuracy
of genetic association analyses in schizophrenia. Nonetheless, as mentioned through the
introduction section, the heterogeneity of schizophrenia manifests across multiple levels,
ranging from genetic and expression differences to the involvement of distinct cell types,
as well as variations in brain structure and function, all of which contribute to variability
in cognition, symptoms, treatment responses, and ultimately diagnosis.

Accordingly, this thesis employed a whole-genome-derived candidate gene approach,
with a particular focus on NRNJ, to elucidate the genotype-phenotype relationship in
schizophrenia. Using a multilevel strategy, we aimed to demonstrate how plasticity genes
influence key schizophrenia-related phenotypes, such as age at onset, clinical and
functional traits, cognitive performance, and neuroimaging measures, specifically
highlighting the role of VRN!. This approach aims to illustrate an effective method for
identifying the specific mechanisms by which genes contribute to the biological processes
underlying schizophrenia.

The role of Neuritin-1 in brain health and disease

Neuritin-1 (IVRNI), also known as Candidate Plasticity Gene 15 (CPG15), was first
identified in a screen for genes regulated by neuronal activity that are involved in synaptic
plasticity (Nedivi et al., 1996). Located on chromosome 6p25.1, approximately 6 Mb from
the telomere, NRN1 encodes a small protein of 142 amino acids with a molecular mass
of 15.3 kDa. The protein features a hydrophobic N-terminal region (amino acids 1-27)
that acts as a signal peptide for secretion, while its C-terminal tail, rich in hydrophobic
residues, contains a consensus cleavage site characteristic of GPI-anchored proteins
(amino acids 116—142). The orthologous VRN gene in rats (Nrnl) is highly conserved,
sharing 98% sequence identity with the human gene, differing by only 14 base pairs
(Naeve et al., 1997).

From animal-based assays, it has been demonstrated that during early embryonic
development, Nrnl expression acts as a survival factor for neural progenitors (Putz et al.,
2005). As development progresses, Nrnl plays a pivotal role in supporting neuronal
migration (Zito et al., 2014), promoting dendritic and axonal outgrowth, and facilitating
synaptic maturation during neuronal differentiation (Cantallops et al., 2000; Cappelletti



et al.,, 2007; Corriveau et al., 1999; Fujino et al,, 2008, 2011; Javaherian & Cline, 2005;
Lee etal., 2005; Naeve et al., 1997; Nedivi et al., 1998, 2001; Sato et al., 2012). After birth,
Nnrl expression continues to be elevated in the adult brain, especially in areas with high
neural activity and synaptic plasticity, such as the visual cortex, the hippocampus, or the
external granular layer of the cerebellum, being expressed in an activity-dependent
manner (Chen et al,, 2011; Fujino et al., 2003; Harwell et al.,, 2005; Lee & Nedivi, 2002;
Naeve et al.,, 1997; Nedivi et al., 2001; Putz et al., 2005; Tiruchinapalli et al., 2008).

At the cellular level, Nrn1 is trafficked to and from the axonal surface in response to
membrane depolarization, localizing to vesicles and endosomes alongside other synaptic
vesicle proteins (Cantallops et al., 2000; Nedivi et al., 2001).

Particularly, the NRN! gene is classified as an immediate early gene, meaning its
expression is rapidly activated by specific pathways in response to regulatory signals. As
a result, Nrnl expression is not only influenced by synaptic activity and sensory
experience but is also highly sensitive to a variety of stimuli in both physiological and
pathological conditions, including hormones like testosterone, gonadal steroids, and
androgens, as well as seizures and neurotrophic factors such as NGF, BDNF, and NT3
(El-Sayed et al., 2011; Marron et al., 2005; Tetzlaff et al., 2006).

Notably, the transcriptional activation of VRN is a crucial link between neuronal
activity and long-term synaptic plasticity. As an immediate early gene, Nrnl expression
is stimulated by calcium (Ca?*), a key player in neuronal signaling. Calcium enters neurons
through channels such as N-methyl-D-aspartate (NMDA) receptors and L-type voltage-
gated calcium channels (VGCCs). Once inside, the calcium influx activates critical
signaling pathways, including the Ca?*/calmodulin-dependent protein kinase (CalMK)
pathway and the mitogen-activated protein kinase (MAPK) pathway. These pathways
regulate various cellular processes, particularly the expression of plasticity-related genes
like NRN1, ultimately leading to AMPA recruitment and long-term changes in synaptic
strength and plasticity, which are essential for learning and memory (Fujino et al., 2003).
Then, it seems that VRN is playing a role in the dysfunction in glutamate signaling, that
activates both AMPA and NMDA.

Likewise, biochemical analyses reveal that NRN1, as a soluble molecule, can activate
the insulin receptor (IR), though another study suggests it may also bind to the insulin-
like growth factor type 1 receptor (IGF-1R). Regardless, NRN1 activates critical pathways,
including MEK-ERK, PI3K-Akt-mTOR, and Ca2+-CaN-NFATc4, leading to increased
transient outward potassium currents and Kv4.2 expression, as well as the upregulation
of CaV1.2 and CaV1.3 subunits of L-type voltage-gated calcium channels (VGCCs) in the
cell membrane of cerebellar granule neurons (Yao et al, 2012; Zhao et al, 2018).
Together, these effects support processes essential for learning and memory. However,
NRN1 is still considered as an orphan ligand and its receptor remains unknown.



Interestingly, there is compelling evidence linking VRNI to psychiatric disorders.
Increased Nrnl expression is linked to enhanced cognitive performance in mice,
including improved spatial learning, memory recovery after ischemia-reperfusion injury,
better neurological scores after traumatic brain injury, and reduced cognitive
impairments in Alzheimer's models, while its decrease expression is associated with
depression (An et al., 2014; Liu et al., 2018; Reshetnikov et al., 2020; Son et al., 2012; Wan
et al., 2020). Also, Nrnl responds to neurotherapeutic agents, such as electroconvulsive
therapy and fluoxetine, which alter its expression through epigenetic pathways involving
histone deacetylations (Alme et al., 2007; Dyrvig et al.,, 2014; Newton et al., 2003; H. G.
Park et al., 2014). Moreover, human-based studies have implicated the NRN! gene in the
risk for mental disorders, as well as in early onset and cognitive deficits in patients,
highlighting its clinical relevance (Chandler et al., 2010; Fatjo-Vilas et al., 2016).

In summary, the temporal expression of the VRN gene plays a key role in regulating
neuronal numbers by promoting progenitor expansion, preventing apoptosis in specific
neuroblast subpopulations, and ensuring proper circuit maturation, ultimately influencing
brain structure and function. Furthermore, NRN! continues to be expressed in the adult
brain, where it contributes to synaptic plasticity, enabling the brain to adapt to internal
and external stimuli. Importantly, animal studies have shown that N/ expression can
be modulated, with significant effects on behavioral phenotypes. Additionally, its
polymorphic variability has been linked to an increased risk of schizophrenia spectrum
disorders and related clinical phenotypes. In this context, developing strategies to target
NRN1 or its associated signaling pathways could offer a promising approach for
improving schizophrenia treatment, particularly in addressing cognitive symptoms that
do not respond to traditional antipsychotic therapies.

Reducing schizophrenia clinical heterogeneity

Using specific phenotypes with clear etiological significance, such as age at onset, is
an effective strategy for reducing heterogeneity and identifying genetic factors associated
with schizophrenia. Family studies reveal strong correlations in age at onset between
probands and their relatives, with proband-sibling correlations ranging from 0.6 to 0.9
(Crow & Done, 1986). Twin studies further highlight the genetic contribution, showing a
4.7-fold higher familial risk in early-onset schizophrenia twin pairs (before age 22)
compared to late-onset cases, along with closer age at onset in monozygotic twins
compared to dizygotic twins (Hilker et al., 2017). These approaches have also
underscored the important role of genetic factors in determining age at onset, with
heritability estimates around 33% (Hare et al., 2010). Unraveling the genetic basis of age
at onset is of significant clinical importance, as early-onset schizophrenia is linked to
stronger familial aggregation of schizophrenia and other psychiatric disorders, poorer
premorbid adjustment and neurocognitive functioning, more severe symptoms, and
worse outcomes with a poorer prognosis (Baykal et al., 2024; Paya et al., 2013). These



findings indicate that early-onset cases are associated with more pronounced
neurodevelopmental disruptions compared to adult-onset forms. This approach has
identified several candidate genes, such as DRDZ2, DRD3, COMT, BDNF, and NRGI, as
potential modulators of age at onset in schizophrenia, through correlations with
quantitative measures or by distinguishing early from adult-onset cases (Alfimova et al.,
2023; Mané et al., 2017; Voisey et al., 2012; Yoshimi et al., 2016). In the context of GWAS
analysis, while there has been a significant increase in research across various domains,
few studies have focused on age at onset (Bergen et al., 2014; Guo et al.,, 2021; Wang et
al., 2011; Woolston et al., 2017). Interestingly, the variants linked to an earlier age at onset
in these studies converge within molecular networks associated with nervous system
development, axon extension regulation, glial proliferation, molecular transport, and cell-
to-cell signaling. However, replication at the individual SNP level remains limited across
studies, likely due to differences in defining age at onset. Additionally, early-onset patients
exhibit higher schizophrenia PRS compared to their siblings, with these scores effectively
predicting an earlier onset of symptoms (Ahn et al., 2016).

Another approach to reducing heterogeneity is to examine the impact of genetic
variability on symptom severity. Symptoms in schizophrenia are well-defined and
operationalized, with validated and reliable tools available for their assessment. Research
has shown that symptom dimensions are not only familial but also heritable (Malaspina
et al.,, 2000). Several candidate gene studies have successfully linked genetic variants to
specific symptom dimensions (Fanous et al., 2005; Nieto et al.,, 2021; Yang et al.,, 2021,
Zahari et al,, 2011). However, whole-genome studies suggest that schizophrenia is not a
single disorder but rather a group of heritable conditions caused by distinct genotypic
networks, each associated with particular symptom profiles (Arnedo et al, 2015).
Additionally, studies using PRS or genetic risk scores (GRS) for schizophrenia have
demonstrated correlations with measures of functioning (eg, GAF) and general
psychopathology (e.g., PANSS), indicating that each dimension is partly influenced by
separate genetic factors (Edwards et al., 2016; Santoro et al., 2018; Sengupta et al., 2017).

Additionally, neuroimaging data offers valuable insights into the contribution of
genetic factors to the neurobiology of the disorder. Heritability estimates for traits such
as brain functional response range from 40 to 65%, while for cortical thickness and
surface area estimates are between 52 and 78%, underscoring a substantial genetic
influence on their variability (Jansen et al., 2015). Additionally, numerous neuroimaging
genetic studies have demonstrated the specific impact of schizophrenia risk genes, such
as BDNF, CACNA1C, COMT, ZNF804A and DRD2, on brain structure and function (Jiang
et al., 2019). Moreover, several studies have linked a higher schizophrenia PRS to reduce
cortical thickness alterations in high-risk individuals, patients with schizophrenia, and
even healthy individuals, and also to cognitive abilities, such as working memory and
processing speed, and consequently to altered brain activity during these tasks (Benca
et al., 2016; Cattarinussi et al., 2022; He et al., 2021; Lencz et al., 2013; Miller et al., 2018;
Ohi et al., 2021).



2. Hypothesis & Objectives




Hypothesis

Given the significant genetic component of schizophrenia, understanding the role of
genetic factors could provide valuable insights into the biology of the disease. This
understanding may ultimately support the development of novel therapies and better
treatment strategies that will improve patients' quality of life.

Evidence increasingly shows that synaptic plasticity, regulated by neuronal activity,
plays a crucial role in brain function throughout development and adulthood. In
schizophrenia, this process is disrupted, with many associated genes converging on
related pathways. Despite these advances, there are still considerable gaps in connecting
genetic variants to the phenotypic diversity observed in schizophrenia. Much of this
difficulty arises from the extensive biological heterogeneity that characterizes the
disorder.

This heterogeneity is evident not only in clinical presentations but also across various
levels, from genetic variation to diagnostic classifications. Building on this rationale, we
hypothesized that a multilevel approach incorporating various aspects of NRNI
molecular diversity, including the association of its genetic variants with age at onset,
clinical and neuroimaging traits, its interaction with related genes, its expression and
methylation patterns in postmortem brain samples from schizophrenia patients, and its
methylation changes in response to cognitive therapy, could provide a comprehensive
understanding of how genes influence the biological processes underlying schizophrenia.

The hypotheses of the present thesis are:

HYPOTHESIS . NRN! genetic variability will be associated with an increased
risk of schizophrenia, particularly in early-onset forms of the disorder. The
neurobiological basis of this association will be evidenced by the role of NRN?
gene in the functional and structural brain differences observed in patients
compared to healthy subjects and also by its modulation of clinical
manifestations. In addition, these effects will be further shaped by epistatic effects
between NRN! and other molecularly related genes, such as BDNF and
CACNAIC.

HYPOTHESIS II: NRNI methylation and expression levels in the brain will be
correlated and will differ between individuals with schizophrenia and control
subjects. These differences will be modulated by antipsychotic treatment and
influenced by genetic variability within the locus.

HYPOTHESIS III: NRN! peripheral epigenetic changes following Cognitive
Remediation Therapy (CRT) will be associated with cognitive improvements, with
this effect further influenced by genetic variability within the locus.



Objectives

The hypotheses were explored through aligned objectives, organized into sections:

Section I The role of NRNI genetic variability in schizophrenia risk, clinical expression,
intermediate phenotypes, and its interactions with related genes

LI To investigate the association of NRNI gene with the age at onset of
schizophrenia, through the analysis of 11 single nucleotide polymorphisms (SNPs)
and using two complementary approaches: family-based and case—control,
including in both, and early-onset (EO) versus adult-onset (AO) cases of the
disorder. Additionally, to investigate whether the genetic variants associated with
EO differentially impact working memory-related brain activity, as assessed
through the N-back neuroimaging protocol.

LII. To assess the epistatic effect of polymorphisms in the NRN! gene, measured
by 11 SNPs, along with BDNF (rs6265) and CACNAIC (rs1006737), on
schizophrenia risk, age at onset, clinical severity and functionality. Next, to explore
the joint influence of these polymorphisms on neuroanatomical cortical measures,
such as thickness, surface area, and volume. Finally, to investigate whether brain
regions under significant epistatic effects mediate the clinical outcomes in patients.

Section II: Brain NRN1 genetic, epigenetic, and expression correlates and the modulatory effect

of antipsychotic treatment
II. To investigate whether NRNI mRNA expression and methylation profiles
across three CpG islands in brain post-mortem samples of the prefrontal cortex
and hippocampus differ between control subjects and schizophrenia patients;
with particular focus on the influence of the antipsychotic treatment by
comparing clozapine use to no antipsychotic medication at the time of death.
Additionally, to explore whether genetic variability, measured by 11 SNPs,
influences this correlation.

Section III: The impact of NRN1 genetic variability and peripheral epigenetic changes on

cognitive improvements following Cognitive Remediation Therapy (CRT)
III. To assess whether NRN! methylation changes across three CpG islands in
blood peripheral samples differ between patients undergoing Cognitive
Remediation Therapy (CRT) and those receiving treatment as usual (TAU).
Additionally, to explore whether these methylation changes are linked to cognitive
improvement, considering the influence of genetic variability, measured by 11
SNPs, on this relationship.
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The doctoral thesis “The role of the synaptic plasticity gene NRNI in schizophrenia:
integrating molecular and neuroimaging approaches” presented by Carmen Almodévar
Payd is based on the original results obtained by the doctoral candidate.

These results are centred on the assessment of the genetic influence of NRN! gene,
a synaptic plasticity gene, on the risk for schizophrenia and different clinical and
neurobiological phenotypes related to the disorder. This has been conducted through
different research designs and methodological approaches that have allowed to add new
data on the impact of genetic, epigenetic and expression variability of VRN in the origin
and manifestation of the disorder, as well as in treatment response.

Four original research articles are presented: two have been published, one is
accepted, and one submitted, all in international peer-reviewed journals.

Study LI. NRNI Gene as a Potential Marker of Early-Onset Schizophrenia:
Evidence from Genetic and Neuroimaging Approaches

Almodévar-Paya C, Guardiola-Ripoll M, Giralt-Lopez M, Gallego C, Salgado-
Pineda P, Miret S, Salvador R, Mufioz MJ, Lazaro L, Guerrero-Pedraza A,
Parellada M, Carrion MI, Cuesta MJ, Maristany T, Sarr6 S, Fafianés L, Callado
LF, Arias B, Pomarol-Clotet E, Fatjé-Vilas M. International Journal of Molecular
Sciences. 2022 Jul 5;23(13):7456. doi: 10.3390/1jms23137456. PMID: 35806464

The International Journal of Molecular Sciences is an international peer-
reviewed journal providing an advanced forum for molecular and cell biology,
molecular medicine, and all aspects of the molecular research.

According to the Journal Citation Reports (Science Edition, 2023), the impact
factor of the journal is 4.9 and it is ranked in the 79.1% percentile of the area of
Biochemistry & Molecular Biology (66/313), which corresponds to the first
quartile (Q1).

The doctoral candidate has participated in the study conception, data curation,
the statistical analysis, interpretation of the results and the visual presentation of
the findings. As well, the doctoral student wrote the first version of the manuscript
and conducted the revision and edition of the subsequent draft versions.

Study . II. NRN! epistasis with BDNF and CACNAIC: mediation effects on
symptom severity through neuroanatomical changes in schizophrenia

Almodévar-Paya C, Guardiola-Ripoll M, Giralt-Lopez M, Oscoz-Irurozqui M,
Canales-Rodriguez EJ, Madre M, Soler-Vidal J, Ramiro N, Callado LF, Arias B,
Gallego C, Pomarol-Clotet E, Fatjo-Vilas M. Brain Structure and Function. 2024
Jun;229(5):1299-1315. doi: 10.1007/s00429-024-02793-5. PMID: 38720004

The Brain Structure and Function is an international peer-reviewed journal that
publishes research that provides insight into brain structure—function



relationships by integrating data spanning from molecular, cellular,
developmental, and systems architecture to the neuroanatomy of behavior and
cognitive functions.

According to the Journal Citation Reports (Science Edition, 2023), the impact
factor of the journal is 2.7 and it is ranked in the percentile 93.1% of the area of
Anatomy & Morphology (2/22), which corresponds to the first decile (D1).

The doctoral candidate participated in the study conception, DNA extraction, and
genotyping. Also, the candidate had a prominent role in the data curation, the
statistical analysis, the interpretation and the visual presentation of the findings.
As well, the doctoral student wrote the first version of the manuscript and
conducted the revision and edition of the subsequent versions.

Study 1I. Clozapine-related brain NRN! expression patterns are associated with
methylation and genetic variants in schizophrenia.

Almodévar-Payéa C, Moreno M, Guardiola-Ripoll M, Latorre-Guardia M, Morentin
B, Garcia-Ruiz B, Pomarol-Clotet E, Callado LF, Gallego C, Fatjo-Vilas M.
Submitted for peer review in an indexed journal.

The doctoral candidate participated in the study conception, sample
management, DNA extraction, genotyping-methylation-expression data
processing and curation, methodology and statistical analysis, the interpretation
and the visual presentation of the findings. Also, the doctoral student wrote the
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Abstract: Included in the neurotrophins family, the Neuritin 1 gene (NRN1) has emerged as an
attractive candidate gene for schizophrenia (SZ) since it has been associated with the risk for the
disorder and general cognitive performance. In this work, we aimed to further investigate the
distributed under the terms and  association of NRN1 with SZ by exploring its role on age at onset and its brain activity correlates.
conditions of the Creative Commons  First, we developed two genetic association analyses using a family-based sample (80 early-onset (EO)

This article is an open access article

Attribution (CC BY) license (https:// trios (offspring onset < 18 years) and 71 adult-onset (AO) trios) and an independent case—control
creativecommons.org/licenses /by / sample (120 healthy subjects (HS), 87 EO and 138 AO patients). Second, we explored the effect
4.0/). of NRNT1 on brain activity during a working memory task (N-back task; 39 HS, 39 EO and 39 AQ;
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matched by age, sex and estimated IQ). Different haplotypes encompassing the same three Single
Nucleotide Polymorphisms(SNPs, rs3763180-rs10484320-rs4960155) were associated with EO in the
two samples (GCT, TCC and GTT). Besides, the GTT haplotype was associated with worse N-back
task performance in EO and was linked to an inefficient dorsolateral prefrontal cortex activity in
subjects with EO compared to HS. Our results show convergent evidence on the NRNT association
with EO both from genetic and neuroimaging approaches, highlighting the role of neurotrophins in
the pathophysiology of SZ.

Keywords: schizophrenia-spectrum disorders; NRN1; age at onset; working memory; functional
magnetic resonance imaging (fMRI)

1. Introduction

Substantial evidence highlights the importance of the genetic component in the aetiol-
ogy of schizophrenia (5Z), with an estimated heritability of around 65-79% [1,2]. Indeed,
genome-wide association studies (GWAS) have confirmed SZ’s polygenic architecture,
resulting from the aggregated effect of low impact variants and reporting an SNP-based
heritability of 24% [3]. Moreover, genomic data converge into identifiable biological path-
ways involved in neurodevelopment, particularly highlighting the mechanism of synaptic
plasticity [3-5].

However, in the search for specific genetic factors related to SZ, studies face several
challenges that arise from the genetic and phenotypic complexity of the disorder [6]. Then,
it has been suggested that combining complementary designs, such as family-based and
case—control, would clear the way to dissect the genetic influences of the disorder [7]. In
this sense, family-based genetic association designs have the advantage of reducing the
problem of stratification and spurious association when compared to case—control studies,
while the latter usually allow for larger sample sizes [8].

In addition to the design, the approaches to the phenotypic complexity of SZ have also
been considered using narrower phenotypes with particular aetiological significance to
reduce the heterogeneity and identify specific genetic factors associated with the disorder.
One of these phenotypes is the age at onset, which shows a heritability of around 33% [9].
Notably, early age at onset (EO) has captured much attention because it is considered a
marker of a higher genetic liability than adult-onset (AO) [10,11]. The EO term includes
cases with onset up to 18 years of age and, despite being arbitrary, roughly corresponds
with the upper age cut-off in most published studies of child and adolescent psychosis [12].
In this support, EO subjects show a higher familial aggregation of SZ and other mental
disorders [13], poorer premorbid adjustment [14] and neurocognitive performance [15],
more severe outcomes [16,17] and more prominent alterations in neurodevelopmental
trajectories than AO forms [18]. The few GWAS focused on searching for genetic loci
associated with age at onset in SZ have confirmed that some variants overlap with those
conferring risk for SZ, while others are pure modifiers [19-22]. Remarkably, EO patients
present higher SZ polygenic risk scores than their siblings, with the scores effectively
predicting an earlier age at onset [23]. Interestingly, the variants associated with an earlier
age at onset converge into molecular networks related to nervous system development, the
regulation of axon extension, modulation of glial proliferation, molecular transport, and
cell-to-cell signalling and interactions [20,22].

Among genes with pivotal roles through all stages of the brain’s formation, there is
the Neuritin 1 gene (NRN1, 6p25.1) (see review [24]), which is highly expressed in the
hippocampus, the cerebral cortex and the cerebellum [25,26] in an activity-dependent
manner [27,28]. Although the Nrnl receptor and its downstream signalling effectors are
still being studied, it seems that Nrn1 regulates synaptic excitability through the activation
of the insulin receptor (IR) and its downstream signalling pathways [29,30]. Consequently,
inadequate Nrn1 sustenance could translate into the abnormal formation of synapses, a
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reduced capacity to perform adaptive responses and, in turn, a higher risk of developing
a mental disorder. In fact, the interest in the role of Nrnl in SZ has been motivated by
several studies, which have evidenced its impact on cognitive function through synaptic
plasticity mechanisms. From cell- and animal-based approaches, it has been shown that
the viral-mediated overexpression of NRN1 in different models (unpredictable stress-
induced rat depression model, mice exposed to low-frequency electromagnetic fields and
an Alzheimer’s disease model Tg2576 mouse) prevents the atrophy of dendrites and spines
and improves associated behaviours, such as anxiety, depression, deficits in novel object
recognition, learning and memory [31-33]. Additionally, the expression of NRN1 has been
shown to increase in the hippocampus of mice exposed to electroconvulsive therapy and
fluoxetine administration [32,34]. These studies highlight the potential therapeutic use of
NRN1 in disorders associated with loss of cognitive function, such as SZ, and appeal for
a better understanding of its molecular mechanisms. From human-based studies, NRN1
has been already defined as a candidate gene for SZ since specific allelic variants have
been associated with an incremented risk of developing the disorder. Moreover, NRN1 has
also been described as a modifier of the SZ phenotype due to its association with patients’
general cognitive ability and age at onset [35,36]. This suggests that NRN1 may be involved
in critical mechanisms of brain development, particularly in those most susceptible to the
earlier onset of the symptoms.

Neuroimaging data can provide evidence on how the genetic actors underlying an
earlier age at onset contribute to the neurobiology of the disorder [37]. In this sense,
functional neuroimaging studies focused on exploring the brain activity during working
memory (WM) tasks (related to the capacity to retain and use mental items during a
short period) are of particular interest. Subtle WM deviances have been described in the
healthy siblings of subjects with SZ compared to healthy subjects (HS) in studies focused on
cognition [38], brain activity [39] and connectivity [40]. This suggests that WM alterations
in SZ are genetically influenced. Indeed, disabilities in this cognitive domain are considered
to be a core feature of SZ [41] and have been reported to be even more severe in EO
patients [15].

Several studies based on functional magnetic resonance neuroimaging (fMRI) and
exploring brain networks supporting WM have consistently described frontoparietal differ-
ences in individuals with SZ when compared to HS. Most of these studies described the
decreased activity of the dorsolateral prefrontal cortex (DLPFC), the ventrolateral prefrontal
cortex (VLPFC) and anterior cingulate cortex (ACC) as a key mechanism of WM dysfunc-
tion [42]. The few functional neuroimaging studies specifically focused on individuals with
EO have reported similar patterns of abnormal activations in these regions of the prefrontal
cortex (e.g., VLPFC, DLPFC, and ACC) plus some limbic and temporal regions [43-48].
However, those studies are scarce, in part, due to the low rate of EO, which represents only
about 8% among individuals with SZ [49], and they have reported inconsistent findings
regarding the direction of the results. In this context, the study of the genetic WM correlates
in individuals with EO forms is particularly pertinent since it could offer insights into the
impact of genetic architecture on brain activity and, ultimately, on the clinical manifestation
of SZ.

Considering all the above-cited evidence, we hypothesised that the polymorphic
variability of NRNT would be differentially associated with the risk of developing EO
forms of SZ compared to AO. We developed this study by combining different designs
(family-based and case—control sample approaches) to provide robustness to our findings.
Additionally, we hypothesised that those genetic variants conferring risk for EO would
differentially impact WM-related brain activity.
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2. Results
2.1. Genetic Association Analyses
2.1.1. Family-Based

The genotypes/alleles counts and frequencies of EO/AO offspring and parents are
listed in Supplementary Table S1. As shown in Table 1, within EO families, the GCT
haplotype including SNP6, SNP7 and SNP8 (HAP678) was significantly under-transmitted
from parents to affected offspring (pperm = 0.03). Our analyses did not reveal any association
between the genetic variability at NRN1 with the risk for AO SSD, neither in the allelic,
genotypic or haplotype approach.

Table 1. Significant genetic association results within early-onset (EO) family-based and EO case-
control samples. At the top row, for the family-based approach, there are the transmitted and
not-transmitted haplotype (HAP) counts from heterozygous parents to affected offspring for family-
based analyses. Below, for the case-control approach, the frequency (%) in healthy subjects (HS)
and schizophrenia spectrum disorders (SSD) are given with the risk genotype placed last. The odds
ratio (OR) associated with the genotype and the confidence interval (CI 95%) are also reported.
The empirical p-values obtained after 10,000 permutation procedures (ppeym) for the Transmission
Disequilibrium Test (TDT) or the logistic regression (additive model) are shown.

SNPs Haplotype Transmitted EO SSD Not Transmitted EO SSD OR (CI 95%) TDT; pperm
HAP678 GCT 13 27 0.48 (0.25-0.93) 4.90; 0.03
Genotypes
SNPs Haplott};l;es Frequency EO SSD Frequency HS OR (CI 95%) Wald; pperm
SNP6 TT/TG/GG 11 (0.13)/40 (0.48)/33 (0.39) 31 (0.26)/58 (0.49) /30 (0.25) 1.68 (1.01-2.57) 2.39;0.02 20
SNP7 CC/CT/TT 43 (0.50)/35 (0.41)/8 (0.09) 78 (0.66)/35 (0.29)/6 (0.05) 1.69 (1.06-2.71) 2.19;0.03°
SNP8 CC/CT/TT 14 (0.17) /41 (0.49)/29 (0.35) 33 (0.29)/58 (0.51)/23 (0.20) 1.66 (1.08-2.56) 231;0.022¢
HAP678 TeE 0.37 0.50 0.59 (0.39-0.89) 6.44;0.01
HAP678 GTT 0.30 0.20 1.70 (1.08-2.67) 5.28;0.02

@ The genotypic model was also significant (pperm < 0.05). b The dominant model was also significant (pperm < 0.05).
¢ The recessive model was also significant (p,,(,,,,, < 0.05).

2.1.2. Case—Control

The distribution of the genotypes/alleles in HS, EO and AO subjects is reported in
Supplementary Table S2. As exposed in Table 1, we observed a significant association of
SNP6 G allele (pperm = 0.02), SNP7 T allele (pperm = 0.03) and SNP8 T allele (pperm = 0.02)
with EO SSD under an additive model. We also identified an association of two haplotypes
including SNP6, SNP7 and SNP8 (HAP678) with the risk for EO SSD, which was in line
with the SNP-based results. The GTT haplotype was significantly more frequent in subjects
with EO SSD than in HS (pperm = 0.02), while the TCC was more frequent in HS (pperm = 0.01).
Other 2-SNP and 4-SNP haplotypes containing these same variants were also associated
with the risk for EO (Supplementary Table S3). Our analyses did not reveal any effect of
genetic variability at NRN1 on the risk for AO SSD, in any of the tested models (allelic,
genotypic and haplotypic).

2.2. Neuroimaging Genetic Association Analyses
2.2.1. N-Back Functional Response

The three groups (HS, EO and AO) showed typical WM-related activation and deacti-
vation patterns (Supplementary Figures 51-S3). In addition, both EO and AO exhibited
a deactivation failure when compared to HS in overlapping regions involving bilateral
structures, such as the frontal gyrus (superior, medial and inferior orbital part), the ol-
factory area, the rectus and the anterior cingulate and the paracingulate gyri, as well
as right structures, such as the superior and middle temporal gyrus, the parahippocam-
pal gyrus, the hippocampus, the amygdala, the fusiform gyrus and the caudate nucleus
(Supplementary Figure 54).



Int. |. Mol. Sci. 2022, 23, 7456

4. Publications

50f 18

A)

Mean Activity
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We detected a significant diagnosis x HAP678 (GTT) interaction for the EO vs. HS
comparison in the 2-back vs. 1-back contrast in one cluster located at the superior and
middle frontal gyrus, regions of the DLPFC (316 voxels, peak activation at MNI coordinates
[—34,42,42], Zmax = 4.54, p = 0.0025, Figure 1A). To further interpret this result, mean
activity scores for the 1-back and 2-back contrasts were plotted. As shown in Figure 1B,
HS exhibited a cluster mean activity of around zero for the two contrasts, irrespective of
their haplotypic profile. Subjects with EO without the risk haplotype showed a pattern
towards increased cluster activity from 1-back to 2-back contrasts, whereas those patients
carrying the risk haplotype presented a pattern towards decreased cluster activity. We
did not observe any significant interaction on brain activity when we compared HS and
AO groups.

438 5.6 6.4
Healthy Subjects Early-Onset Schizophrenia Subjects
HAP678 GTT
M Non-carriers
B Carriers

0.20{5.71)
-2.18{351)

-9.32)3.54) -8.29¢3.93)

1-back 2-back 1-back 2-back

Figure 1. (A) Axial view of the brain showing the significant cluster derived from the diagnosis x
NRN1 HAP678 GTT analysis in the 2-back vs. 1-back contrast. A sagittal view with the marks of the
cross slices is also included. The right side of the image represents the right side of the brain. The
MNI coordinates are given for the shown slices. Units of the bar correspond to the § values of the
regression, standardised to Z scores. (B) Bar plots with the cluster mean activity (estimated marginal
means and 42 standard errors (se)) for healthy subjects (HS; left, non-carriers: n = 27, carriers: n = 10)
and subjects with early-onset schizophrenia (EO; right, non-carriers: n = 19, carriers: n = 20).

2.2.2. N-Back Behavioural Response

First, subjects with EO exhibited a globally poorer performance of the N-back task
than HS in both difficulty levels (mean (SD) d"1: EO 3.07 (1.16) and HS 4.14 (0.68), F = 13.00,
p =0.001; mean (SD) d’2: EO 2.06 (0.90) and HS 3.41 (0.88), F = 27.52, p < 0.001). While both
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Mean task performance (d)
Estimated Marginal Means

1-back

groups showed different scores at the two levels of the task, their degree of decrease in
performance from the 1-back to 2-back was similar (F = 1.55, p = 0.22).

Second, AO and HS exhibited a similar performance in the low memory load condition,
but their performance diverged in the high memory load condition (mean (SD) d'1: AO
3.81 (0.90) HS 4.14 (0.68), F = 0.33, p = 0.57; mean (SD) d'2: AO 2.48 (0.82) and HS 3.41 (0.88),
F =15.27, p <0.001). Then, as the performance of the two groups was similar for the 1-back,
the degree of change from the 1-back to -back was more pronounced in subjects with AO
than HS (F =8.11,p = 0.01).

Third, EO performance at the low memory load condition was modulated by NRN1
haplotypic variability. Subjects carrying the HAP678 GTT showed a poorer performance
when compared to those without the risk haplotype (mean (SD) d'1: non-carriers 3.67 (0.22)
and carriers 2.86 (0.19), F = 5.66, p = 0.02) (Figure 2). No effect of NRNT haplotypic variability
on task performance was detected in either HS or AO subjects.

Healthy Subjects Early-Onset Schizophrenia Subjects
HAP678 GTT

B Non-carriers

M Carriers

3.36/(0.17) 3.31{(0.27)

2-back 1-back 2-back

Figure 2. Bar plots with mean performance (estimated marginal means and 42 standard errors(se))
for healthy subjects (HS; left, non-carriers: n = 27, carriers: n = 10) and subjects with early-onset
schizophrenia (EO; right, non-carriers: n = 19, carriers: n = 20) by NRN1 HAP678 GTT.

3. Discussion

In this study, we combined genetic association and neuroimaging approaches to
deepen into the role of NRNT in the age at onset of SZ. Regarding the genetic association
approach, our study adds to the only two previous studies on the association of the NRN1
gene with SZ and other disorders within the spectrum [35,36], but it is the first to be
developed through family-based and case-control designs in two independent samples.
Our results, derived from the two samples, suggest that the variability at NRN1 may explain
a modest proportion of the risk of EO. Concerning the neuroimaging approach, our study
represents the first to explore WM neural correlates of NRN1. Our findings indicate that
NRNT1 variants conferring risk for SZ also have an effect on the performance of the N-back
task, specifically within EO subjects. Additionally, we report brain activity differences
between EO subjects and HS located at the DLPFC conditional to the same genetic variants.

Our genetic association analyses identified different SNPs and haplotypes at NRN1
associated with EO in SSD. We detected a significant under-transmission of the HAP678
GCT from parents to affected offspring, specifically in EO families. In parallel, through a
case—control approach, we identified the effect of SNP6, 7 and 8 on the risk for EO SSD
and the association of a risk haplotype encompassing these same polymorphisms HAP678
GTT. On the contrary, we did not detect any association with AO SSD. Therefore, our data
converge into the view of polymorphisms at NRN1 (SNP6, SNP7, SNP8) as a relevant
genetic variability source in modifying the neurodevelopment processes related to the
earlier emergence of these disorders. It is of note that these SNPs have been previously
associated with the risk for SZ in the two-preceding works [35,36]. Moreover, one of these
studies also identified a role of NRNT in age at onset of SSD [36]. However, our results

48



Int. |. Mol. Sci. 2022, 23, 7456

7 of 18

should be interpreted in the context of the polygenic architecture of these disorders, as the
effect of the SNPs and haplotypes is small (see the corresponding ORs). Still, this evidence
suggests that those genes that influence brain development, such as NRN1, may modify
illness traits, such as age at onset, and ultimately affect the risk for these disorders.

Due to the few studies focused on examining the association of the NRN1 gene
with SZ, data from whole-genome approaches must be taken into consideration for the
further interpretation of our results. First, different genetic linkage studies mapping SZ
to a genomic location pointed towards the association of chromosome region 6p24-25
and highlighted NRN1 as a positional candidate gene [50-53]. However, as far as we
know, NRNT has not appeared as a significant locus in the latest genome-wide association
studies [3]. These negative results could be explained due to the modifier properties of
NRNI1, which means that, as our results suggest, NRN1 modulates SSD phenotype through
its impact on age at onset. Some linkage and whole-genome studies that specifically
aimed to identify modifier loci related to the age at onset in SZ have highlighted the
chromosome region 6p24 and some NRN1 neighbouring intergenic variants with putative
regulatory roles on its expression [21,54]. Additionally, whole-genome approaches have
also linked NRNT and SZ through epigenetic mechanisms. In this respect, Pidsley et al.,
2014 [55] identified, through a methylomic approach in human post-mortem prefrontal
cortex samples, a wide genetic region that is hypomethylated in patients compared to
controls, spanning the body of NRN1. This result suggests that NRN1 could be differentially
expressed in the prefrontal cortex of subjects with SZ, a brain region repetitively described
to be altered in this disorder [56].

To explore the neurobiological translation of the observed genetic variants conferring
a higher risk for EO SZ, we developed a neuroimaging genetic study in a matched case—
control sub-set. Our functional data suggest that the risk haplotype (HAP678 GTT) that is
associated with the earlier emergence of the disorder is also associated with DLPFC activity
changes within this group of patients. Concretely, through the analysis of differences
between the two levels of the N-back task (2-back vs. 1-back contrast), we observed that
EO subjects not carrying the risk haplotype changed DLPFC activity towards activation
in response to the task’s increasing difficulty. At the same time, those carrying the risk
haplotype were prone to decreased activity. The previous few studies exploring whole-brain
activity differences between subjects with EO and HS have reported inconsistent findings
regarding the implicated regions. Some reported reduced activation of the left VLPFC and
extrastriate visual cortex [43], while others described VLPFC hyperactivation [47]. Other
works reported the reduced engagement of the DLPFC, the ACC, frontal operculum and
inferior and posterior parietal and caudate [44—46], contrary to other investigations that
suggested increased activations in the ACC, medial temporal lobe structures, the insula
and bilateral lateral temporal lobes [48]. In this respect, our results shed light on those
controversial findings, as they provide evidence that genetic factors, in this case, the NRN1
gene, could be underlying these differences in DLPFC activity.

To interpret our functional results in the DLPFC, it is important to integrate brain
activity findings with N-back behavioural data. On the one hand, the sustained activation
of the prefrontal circuits is considered a key mechanism for executing high-memory-load
tasks [57]. On the other hand, it is also known that the degree of change in DLPFC
activity is related to the cognitive effort needed to perform the task. In other words, if
the computational cost is unlikely to result in the accurate performance of the task, the
prefrontal resources get disengaged [58]. In this sense, EO subjects not carrying the risk
haplotype displayed a better performance at low memory load and exhibited a higher
degree of DLPFC modulation towards activation in response to a higher memory load level.
This result suggests that EO subjects without the risk haplotype may use greater prefrontal
resources in response to task difficulty increase than those with the risk haplotype, who
seem to reach activation and performance peaks at a lower processing load.

On the whole, our functional and behavioural results align with the preceding evidence
linking NRN1 and cognitive performance in SZ [35,36] and executive function in HS [59].
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Furthermore, they suggest that these prefrontal networks of sustained activation during
WM, in which NRN1 appears to have a relevant role, might be especially sensitive to the
earlier onset of psychosis. The specific effects in EO forms of SZ seem reasonable since
several investigations have described adolescence as a crucial period for the development
of the prefrontal cortex [60] and the reorganisation of the WM network [61,62]. This is
also supported by several studies showing the greater recruitment of WM regions in
adults than in children [63]. In this view, the earlier onset of the disorder might strongly
impact the neural trajectories associated with WM development, potentially leading to
WM-characteristic impairments in EO compared to AO [64]. Interestingly, regarding the
specific role of DLPFC activity and NRNT as potential markers of EO, a recent study using
an innovative transcriptomic approach defined two molecularly distinct subgroups of
subjects with SZ [65]. The first presented a DLPFC transcriptome very similar to that
of HS, while the second exhibited a strikingly different DLPFC transcriptome, with the
NRNT1 gene included among the differentially expressed genes. These data suggest that
fundamental biologic differences exist between subjects diagnosed with SZ. Thus, our
results on the modulation effect of NRN1 haplotypic variability on brain function and
performance contribute to bridging the gap between the role of NRNT1 in synaptic plasticity
processes and the pathophysiological mechanisms underlying SZ.

Towards a further understanding of such mechanisms, considering the putative effects
of the analysed polymorphic sites on gene expression regulatory mechanisms represents a
valuable resource to provide additional meaning and importance to our association data.
Among the three variants encompassed by the HAP678 risk haplotype (LD = 0.99 in both
samples), data from the RegulomeDB and Haploreg highlight the functional effects of SNP6
(rs3763180). There is evidence that this variant could modify the histone enhancer and
promoter marks in the brain, contributing to the chromatin state at this locus. Moreover,
this variant is predicted to alter motifs that overlap the recognition sequence of different
transcription factors, such as the alpha isoform of the CCA AT-enhancer binding proteins
(C/EBP), PBX homeobox 3 (PBX3) and the Neuron-Restrictive Silencing Factor (NRSF).
Interestingly, the change of a T to a G in that position is linked to increased NRSF affinity,
implicated in the programming of stress-sensitive neurons by neonatal experience through
epigenetic mechanisms, promoting resilience to stress-related emotional disorders [66].
The other two variants included in the HAP678 presented a lower functionality score;
still, data show their putative modulatory effects on the affinity of some transcription
factors. For instance, the SNP7 (rs10484320) is suggested to modify the binding of the
TATA-binding protein (TBP) and PU.1. The TBP has been associated with the risk for SZ,
age at onset and prefrontal function [67]. Additionally, higher levels of the transcription
factor PU.1, required for the development of the immune system, have been detected in
post-mortem brain samples from individuals diagnosed with SZ compared to HS [68].
Additionally, accordingly to Brainiac data, when the effect of these three SNPs stratifies the
expression of NRN1 transcripts, genotype-based differences emerge in the hippocampus,
and a trend effect is detected in the cortex. These lines of evidence suggest putative
molecular mechanisms by which the SNPs included in the HAP678 may affect the complex
phenotype of SZ. Nevertheless, further functional data on these SNPs are needed to fully
characterise their impact on the underlying mechanisms that connect NRN1 and age at
onset of psychosis.

Finally, our study should be interpreted in the context of some limitations. First,
regarding our genetic association approach, the samples could be considered to be relatively
small. However, according to the statistical power of our analyses and after multiple
testing correction procedures, we concurrently identified, in two independent samples,
the impact of NRN1 genetic variants on the risk for the earlier onset of SZ. Second, all
the variants included in the present study are polymorphic; however, it is known that a
certain proportion of the variance in genetic liability of SZ is also accounted for by rare
variants [69,70]. Therefore, different approaches analysing the combined role of common
and low-frequency variants along NRN1 gene on SZ would be of potential interest. Third,
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while the present study has not directly analysed the functional consequences of the NRN1
variants associated with EO, our results and the available functional data suggest the
need for cell-based studies integrating genetic variability information. Fourth, in the
case of neuroimaging approaches, although we compared EO subjects and HS, patients
were scanned in their adulthood, years after the onset of the illness. Therefore, illness
duration and related clinical variables could have affected the results. Based on this, we
checked the possible impact of illness duration or medication on the mean activity and
the d’ scores through regressions. While we cannot completely rule out the effect of these
variables the lack of significance suggests that our results are not modulated by them.
Additionally, it should be underlined that activation differences at prefrontal regions have
been observed in unaffected first relatives of SZ patients [39], individuals at clinical high
risk for psychosis [71] and individuals with treatment-naive first episode psychosis [72],
suggesting that this pattern may represent an intrinsic feature of SZ rather than a medication
effect. Lastly, the absence of representation of diverse ethnic groups and the low proportion
of females within our EO group hampers the extrapolation of our results and demands the
need for new studies in larger samples with equal representation of those populations.

4. Materials and Methods
4.1. Sample

This study included 798 individuals (Table 2). Two independent samples were used to
develop separate genetic association analyses: (i) Sample 1 comprised 151 trios (with an
offspring diagnosed with schizophrenia spectrum disorders (SSD) plus 302 healthy parents),
(i) Sample 2 consisted of 225 independent patients diagnosed with SSD and 120 HS. Also,
from Sample 2, a sub-set of cases with SZ (39 EO and 39 AO) and HS (39) (matched
by sex, age and estimated 1Q) was selected to develop a neuroimaging genetic analysis
(Sample 3). Participants were drawn from admissions to both Child and Adolescent and
Adult Psychiatric Units. All HS were recruited from non-medical staff working in the
hospital, their relatives and acquaintances, plus independent sources in the community.

All patients were evaluated by experienced psychiatrists and met the DSM-IV-TR
criteria for SSD, including schizophrenia, schizophreniform disorder, schizoaffective disor-
der and psychosis disorder not otherwise specified (Table 2). Patients up to 17 years old
were diagnosed following Kiddie Schedule for Affective Disorders and Schizophrenia (KS-
DAS, [73]), while the Comprehensive Assessment of Symptoms and History (CASH, [74])
or the Structured Clinical Interview for DSM Disorders (SCID, [75]) was used for adult
patients. Age at onset of the first episode was determined using these clinical schedules
and/or the Symptom Onset in Schizophrenia inventory (SOS, [76]). Following previous
studies [12], subjects with SSD were classified as either EO when the first episode occurred
before or at 18 years, or as adult-onset AO when presented at age 19 or older.

The general exclusion criteria included an age above 65 years, major medical illnesses
that could affect brain functions, substance-induced psychotic disorder, neurological con-
ditions and having had at least one parent not from European ancestry. Moreover, all the
relatives and HS underwent a clinical interview on personal and/or familial psychiatric
history using Family Interview for Genetic Studies (FIGS) [77] and those who reported a
personal history of mental illness or treatment with psychotropic medication were excluded.

For the subjects included in the neuroimaging study, the exclusion criteria also in-
cluded an estimated IQ under 70, left manual dominance, and a history of head trauma
with loss of consciousness. The evaluation of patients comprised the Positive and Neg-
ative Symptoms Scale (PANSS), while the estimated IQ of both patients and controls,
was assessed using the Word Accentuation Test [78], which requires the pronunciation of
30 low-frequency Spanish words whose accents were removed.

All participants provided written consent after being informed about the study proce-
dures and implications. In the case of patients below the age of 18, written consent was
also obtained from their parents. The study was performed following the guidelines of the
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institutions involved and was approved by the local ethics committee of the centre. All
procedures were carried out according to the Declaration of Helsinki.

Table 2. Sociodemographic and clinical information for the family-based and case-control samples
included in the genetic association and neuroimaging analyses. Data for patients are given separately
for subjects with early-onset (EO) and adult-onset (AO) schizophrenia spectrum disorders (SSD).
Number (percentage in brackets) are shown for qualitative variables. Mean scores (standard deviation
in brackets) are provided for quantitative variables. Illness duration refers to years. The psychopathol-
ogy was assessed using the Positive and Negative Symptoms Scale (PANSS). Treatment was defined
by chlorpromazine equivalence (CPZE). Those not significant values are not reported (n.s.).

Sample 1:

S AO Offspring EO Offspring AO Parents EO Parents
Femlly Based™ m=71) (n=80) (n=142) @ =160)
(n =453)
Male 58 (81.70) 54 (67.50) ns. 71 (50.00) 80 (50.00) ns.
Age at interview 27.45 (5.03) 18.04 (4.94) t=-11.51,p<0.001  50.04 (7.97) 58.34 (8.44) t=-7.27,p <0.001
Age at onset 23.24 (4.24) 1541 (2.12) ¢ t=-13.35p<0.001 - - -
Sample2; . AO Subjects EO Subjects Healthy Subjects
Case-control (n =138) (n=87) (n =120)
(n =345) ne = 2
Male 93 (67.40) 67 (77.00) ns. 60 (50.00) x2=17.13,p <0.001
Age at interview 41.97 (10.03) 39.79 (10.87) n.s. 38.24 (11.21) F=345p=0033°
Age at onset 25.12 (5.86) 16.38 (2.00) t=16.11, p <0.001 - -
Samplfz 8 F—— AO Subjects EO Subjects Healthy Subjects
Neuraimaging (n=39) (n=39) (n =39)
(n =117)
Male 37 (94.87) 37 (94.87) ns. 37 (94.87) ns.
Age at interview 39.49 (1.90) 39.30 (1.87) n.s. 38.43 (1.78) ns.
Age at onset 24.56 (0.80) 16.85 (0.26) t=9.17; p < 0.001 - -
Tlness duration 14.92 (11.01) 2246 (11.31) t=-298; p=0.004 - -
PANSS total 68.72 (20.46) 80.05 (21.11) t=-2.60; p=0.011 - -
CPZE 367.01 (188.83) 633.66 (304.39) t=-4.28; p<0.001 - -

2 The different SSD diagnoses were equally distributed between the AO and EO offspring (x? = 1.271, p = 0.736):
Schizophrenia (AO n = 41 (57.75%); EO n = 47 (58.75%)), Schizophreniform (AO n = 13 (18.31%); EO n = 10
(12.50%)), Schizoaffective (AO n = 6 (8.45%); EO 7 (8.75%)) and Psychosis not otherwise specified (AO n =11
(15.4%); EO n = 16 (20.00%)). ® The different diagnoses were equally distributed between the AO and EO cases
(x? = 1.558, p = 0.212): Schizophrenia (AO n = 130 (84.42%); EO n = 84 (90.32%)) and Schizoaffective (AO n =24
(15.58%); EOn =9 (9.80%)). © Sub-set of individuals coming from Sample 3. Patients included in the neuroimaging
sample were all diagnosed with schizophrenia. ¢ Information was available for 60% of patients but all were
drawn from child and adolescent units which allowed their classification as EO. ¢ The post-hoc analyses showed
significant differences only between healthy subjects and subjects with AO SSD (p = 0.010).

4.2. Genotyping

Genomic DNA was obtained for all individuals either from buccal mucosa through
cotton swabs or from peripheral blood cells by punction and extracted using an ATP Genomic
DNA Mini Kit Tissue (Teknokroma Analitica, S.A., Sant Cugat del Valles, Barcelona, Spain) or
using a Realpure SSS Kit for DNA Extraction (Durviz, S.L.U, Valencia, Spain), respectively.

All Single Nucleotide Polymorphisms (SNPs) were determined via a fluorescence-
based allelic discrimination procedure (Applied Biosystems Tagman 5’-exonuclease assays)
using standard conditions.

The information about the SNPs is given in Table 3. The SNPs were selected based
on two previous studies [35,36]. All SNPs had a minor allele frequency above 5% and
were non-coding. As previous evidence suggests that non-coding variants exert important
regulatory effects [79] and that such effects are particularly important in SZ [80], the
functional consequences of the analysed SNPs were evaluated using different resources.
First, HaploReg was used to obtain information about the impact of non-coding variants on
chromatin state, protein binding, sequence conservation across mammals, regulatory motifs
and expression (https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php, [81],
accessed on 1 June 2022). It showed that several SNPs (from rs12333117 to rs3763180) are
classified as genetic promoters or enhancers in the brain tissue, based on histone marker
data from the Epigenetic Roadmap. Moreover, all the variants, except for one (rs582186),
are predicted to change the affinity of multiple regulatory motifs based on data from the
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ENCODE project. Second, the Regulome DataBase (http://www.regulomedb.org/, [82],
accessed on 1 June 2022), a model integrating functional genomic features, was used to
obtain a functional probability score for each SNP. This score ranges from 0 to 1, with
1 being most likely to be a regulatory variant [83]. As shown in Table 3, several of the
selected SNPs had a score above 0.61 (from rs12333117 to rs3763180). Third, the Brain eQTL
Almanac (Braineac), which is a web-based (http:/ /www.braineac.org, accessed on 1 June
2022) resource to access the UK Brain Expression Consortium (UKBEC) dataset, showed
that the assessed NRN1 transcripts are mainly expressed in the cortex, hippocampus and
cerebellum. In addition, this tool was also used to evaluate the effect of the SNPs associated
with EO forms of SZ on brain expression patterns (see Discussion).

Table 3. Information on the Single Nucleotide Polymorphisms (SNPs) at Neuritin 1 gene included in
this study (NRN1, chromosome 6p25.1, from 5,997,999 to 6,007,605 bp, UCSC Genome Browser on
Human Assembly GRCh38/hg38, http:/ /genome.ucsc.edu/cgi-bin/hgTracks, accessed on 1 April
2022). The table includes dbSNP number, the chromosome and gene position, the alleles of each
SNP, the minor allele frequency (MAF; described for all and EUR populations in the 1000 Genomes
Project and the MAF observed in each sample included in the present study) and the functional score
according to the Regulome Database.

SNPs Chromosome Gene Alleles MAF Family-Based Case-Control RegulomeDB
Position Position (Minor/Major) (A1l/Eur) MAF MAF Score @
SNP1 rs2208870 5,992,257 intergenic G/A 0.33/0.34 0.33 0.33 0.61
SNP2 rs12333117 5,994,759 intergenic T/C 0.35/0.40 0.43 0.38 0.61
SNP3 rs582186 6,001,148 downstream A/G 0.45/0.62 0.61 0.40 0.61
SNP4 rs645649 6,004,726 intronic Cc/G 0.45/0.64 0.64 0.38 0.61
SNP5 rs582262 6,007,758 intronic C/G 0.30/0.48 0.28 0.27 0.70
SNP6 1s3763180 6,009,615 upstream T/G 0.40/0.46 0.45 0.43 0.63
SNP7 rs10484320 6,010,204 upstream THC. 0.15/0.22 0.26 0.24 0.16
SNP8 rs4960155 6,010,306 upstream T/C 0.43/0.49 0.50 0.49 0.13
SNP9 rs9379002 6,012,158 intergenic G/T 0.29/0.42 0.24 0.26 0.13
SNP10  rs9405890 6,012,488 intergenic C/T 0.31/0.38 0.28 0.33 0.18
SNP11 rs1475157 6,016,936 intergenic G/A 0.16/0.17 0.16 0.16 0.18

2 This score ranges from 0 to 1, with 1 being most likely to be a regulatory variant.

All markers were in Hardy—Weinberg equilibrium in the two samples: the family-
based (parents and offspring) and the case—control (subjects with SSD and HS). The total
genotypic call rate was 95.48 and 98.85%, respectively.

4.3. fMRI Task Description and Acquisition Parameters
4.3.1. N-Back Task

Functional images were acquired while participants performed a sequential-letter
version of the N-back task, which engages storage and executive processes related to
attention and WM. Briefly, in this task, letters were presented sequentially in a random way,
and the participants were required to press a button when the letter shown on the screen
matched the one presented one step prior in the sequence (condition 1-back) or the one
from two steps before in the sequence (condition 2-back). The two levels of memory load
were presented in a block design manner. Each block consisted of 24 letters shown every
2 s (Ison,1s off), and all blocks contained 5 letter repetitions located randomly within
the blocks. Four 1-back and four 2-back blocks were presented in an interleaved way, and
between them, a baseline stimulus (an asterisk flashing with the same frequency as the
letters) was presented for 16 s. Letters were displayed in green for 1-back blocks and in red
for 2-back blocks to identify which condition had to be performed. All participants went
through a training session before entering the scanner.

4.3.2. N-Back Performance Data

To measure the behavioural performance of the task, we used the signal detection
theory index sensitivity, d” scores [84]. Higher values of d” indicate a better ability to
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discriminate between targets and distractors, while negative values indicate that subjects
are not performing the task. Then, all the individuals included in the analyses had positive
d’ values (d'1 for 1-back and d’2 for 2-back).

4.3.3. fMRI Acquisition Parameters

The fMRI data acquisition was performed with a GE Sigma 1.5-T scanner (General
Electric Medical Systems, Milwaukee, WI, USA) at Hospital Sant Joan de Déu (Barcelona,
Spain). Functional images included 266 volumes for each individual and a gradient echo-
planar imaging sequence depicting the blood oxygen level-dependent (BOLD) signal. Each
volume contained 16 axial planes acquired with the following parameters: repetition
time = 2000 ms, echo time = 20 ms, flip angle = 70°, section thickness = 7 mm, section
skip = 0.7 mm, in-plane resolution = 3 x 3 mm. The first 10 volumes were discarded to
avoid Tl-saturation effects.

4.4. Statistical Analyses
4.4.1. Design

First, family-based genetic association analyses were conducted within EO families
and AO families separately. Second, case-control genetic association analyses were tested
by comparing HS to EO and AO patients independently. Third, neuroimaging analyses
were developed to determine whether brain activity differences exist between HS and
subjects with EO and AO SZ depending on the NRN1 genetic variability.

4.4.2. Genetic Association Analyses

Haploview v4.1 [85] was employed to estimate the linkage disequilibrium (LD) be-
tween NRN1 SNPs. Three haplotype blocks were identified (Block 1: SNP1-SNP3, Block 2:
SNP4-SNP5 and Block 3: SNP6-SNP11) in both the family-based and the case-control sam-
ple (Supplementary Figure S5). Hardy-Weinberg and genetic association analyses between
NRN1 SNPs/haplotypes and SZ risk/age at onset were conducted using PLINK-v1.07
software [86].

For the family-based analyses, SNP and haplotype associations were tested using the
Transmission Disequilibrium Test (TDT). This test evaluates whether the transmission fre-
quency of alleles /haplotypes from heterozygous parents to their affected children deviates
from the expected Mendelian frequency by comparing the transmitted and not transmitted
alleles /haplotypes.

The case—control analyses were conducted using logistic regressions under different
models of inheritance (allelic, genotypic/additive, recessive and dominant), all adjusted
by sex.

In both genetic association approaches, a cut-off threshold for rare haplotypes of
1% and a sliding window approach were applied to the haplotype analyses. The odds
ratios (OR) were estimated either from the absolute number of alleles/haplotypes transmit-
ted and not transmitted from parents to affected offspring or from the absolute number
of alleles/haplotypes estimated in patients and controls. Multiple testing corrections
(10,000 permutations procedure) were applied to all analyses, and all the reported p-values
are those obtained with this correction (pperm). As haplotype TDT implemented in PLINK
does not include the permutation procedure, to confirm our associations, all the possible
haplotypes were reconstructed based on the most likely expectation maximisation (EM)
phase and once reconstructed, haplotypic associations were tested using a simple TDT with
10,000 permutations.

The statistical power was calculated, in the case of the family-based sample, using
the “trio” R package version 3.1.2 available at http://www.bioconductor.org, accessed on
1 April 2022. As the sample consisted of 151 trios and the MAF of selected SNPs ranged
from 0.20 to 0.50 (Table 1), by assuming an allelic TDT model and a statistical power of
0.80, the smaller detectable relative risk is 1.75. In the case of the case-control sample, the
statistical power was calculated using the ‘genpwr” R package version 1.0.2. As the sample
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comprised 345 subjects and the MAF of selected SNPs ranged from 0.16 to 0.49, assuming a
logistic model and a power of 0.80, the smaller detectable odds ratio is 1.57.

4.4.3. Neuroimaging Association Study

Based on our genetic association results highlighting the genetic region spanning
SNP 6, 7 and 8, we performed the neuroimaging analyses with the haplotype significantly
associated with the risk for EO (the HAP678 GTT) in the matched sub-set (39 HS, 39 EO
and 39 AO subjects). For these analyses, individuals’ possible haplotype phases were
estimated using PLINK and only those with a probability > 95% were included. Because
of the haplotypic frequencies in our sample, the analyses were conducted considering
the haplotype as a dichotomous variable, and each subject was classified as a non-carrier
(0 copies of the risk haplotype) or carrier (1 or 2 copies of the risk haplotype).

Functional MRI pre-processing and analyses were performed with the FEAT tool,
from FSL software (FMRIB Software Library, University of Oxford, Oxford, UK; [84]). Pre-
processing included motion correction (using the MCFLIRT algorithm with 6 degrees of
freedom) and co-registration and normalisation to a common stereotactic space (Montreal
Neurological Institute [MNI] template with 2 x 2 x 2 mm resolution) using linear trans-
formations with 12 degrees of freedom. Before group analyses, normalised images were
spatially filtered with a Gaussian filter (FWHM = 5mm). To minimise unwanted movement-
related effects, individuals with an estimated maximum absolute movement > 3.0 mm or
an average absolute movement > 0.3 mm were excluded from analyses.

At the single-subject level analysis, General Linear Models (GLMs) were fitted to
generate individual activation maps for each condition of interest compared to baseline
and for the comparison between conditions (1-back vs. baseline, 2-back vs. baseline and
2-back vs. 1-back). Temporal derivatives for each condition of interest, as well as movement
parameters (six in total, three rotations and three translations), were also included as
additional regressors. Fixation periods were not modelled and thus acted as an implicit
baseline (i.e., to compare a condition of interest of any given task with its baseline periods,
the average BOLD signal from all the baseline periods across the whole task is subtracted
from that of the blocks corresponding to the condition of interest). Images were high-pass
filtered with a 130 s cut-off. All statistical tests were performed at the cluster level with a
corrected p-value of 0.05 and an initial height threshold of 3.1 (equivalent to an uncorrected
p-value of 0.001), using the Standard Field Theory correction implemented in FSL [87].

At the group-level analyses, we studied brain activations and deactivations associated
with the execution of the N-back task within each group for all the contrasts, as well as
the differences between groups using ANOVA models (two comparisons whole-brain
corrected: HS vs. EO/HS vs. AO adjusted for age, sex, and premorbid-IQ).

Since the 1-back requires the maintenance of the target in the memory (keeping track
of the target when the consecutive letter is represented) and the 2-back demands both
maintenance and target switching (updating the target identity with the appearance of each
new letter), we decided to focus our interaction analyses on the 2-back vs. 1-back contrast
as it highlights regional responses specific to a higher WM capacity [88,89]. Accordingly,
our group differences between HS and patients (both EO and AO), were more pronounced
in the 2-back vs. 1-back contrast (Supplementary Figure S5).

The interaction effect between the diagnosis and the risk haplotype HAP678 GTT was
investigated using a regression model, which tests whether the slope between groups and
haplotype differs (two models, whole-brain corrected: HS and EO/HS and AO, adjusted
for age, sex, and premorbid-IQ). Four contrasts were explored (EO > HS and the reverse
contrast; AO > HS and the reverse contrast). Therefore, to control for all the comparisons,
the significance threshold used was set to p < 0.05/4 = 0.0125. To interpret the direction of
the interaction results, we estimated individual mean activity scores from the areas where a
significant interaction was detected using the FSLSTATS tool in FSL and afterwards, these
values were plotted using SPSS.
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Analyses of the behavioural data (d’'1 and d’2) were carried out using SPSS and
ANOVA models adjusted for age, sex and estimated IQ. First, N-back task performance was
compared between HS and patients (two comparisons: HS vs. EO/HS vs. AO). Second, we
explored the effect of the risk haplotype HAP678 GTT on N-back task performance in each
group (HS, EO and AO). Third, we tested the interaction between diagnosis and the risk
haplotype HAP678 GTT (two models: HS vs. EO/HS vs. AO). Additionally, the change
between d’1 and d'2 was explored using repeated measures ANOVA models adjusted for
age, sex and estimated IQ. These repeated measures models were conducted, first, between
groups (two comparisons: HS vs. EO/HS vs. AO) and, second, between groups depending
on the haplotype (two models: HS vs. EO/HS vs. AO).

5. Conclusions

Our results contribute to the understanding of the molecular mechanisms underlying
SZ early age at onset. Specifically, our work suggests that studying the role of neurotrophins
(such as NRN1), in specific phenotypes with particularly etiological underpinnings (such as
early-onset) and their effect on intermediate phenotypes (such as functional neuroimaging
data), helps to elucidate the impact of common genetic variability on biological networks
underlying mental disorders.
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Abstract

The expression of Neuritin-1 (NRN1), a neurotrophic factor crucial for neurodevelopment and synaptic plasticity, is
enhanced by the Brain Derived Neurotrophic Factor (BDNF). Although the receptor of NRN1 remains unclear, it is sug-
gested that NRN1’s activation of the insulin receptor (IR) pathway promotes the transcription of the calcium voltage-
gated channel subunit alphal C (CACNAIC). These three genes have been independently associated with schizophrenia
(SZ) risk, symptomatology, and brain differences. However, research on how they synergistically modulate these pheno-
types is scarce. We aimed to study whether the genetic epistasis between these genes affects the risk and clinical presenta-
tion of the disorder via its effect on brain structure. First, we tested the epistatic effect of NRNI and BDNF or CACNA1C
on (i) the risk for SZ, (ii) clinical symptoms severity and functionality (onset, PANSS, CGI and GAF), and (iii) brain
cortical structure (thickness, surface area and volume measures estimated using FreeSurfer) in a sample of 86 SZ patients
and 89 healthy subjects. Second, we explored whether those brain clusters influenced by epistatic effects mediate the
clinical profiles. Although we did not find a direct epistatic impact on the risk, our data unveiled significant effects on the
disorder’s clinical presentation. Specifically, the NRN/-rs10484320 x BDNF-rs6265 interplay influenced PANSS general
psychopathology, and the NRN/-rs4960155 x CACNAIC-rs1006737 interaction affected GAF scores. Moreover, several
interactions between NRNI SNPs and BDNF-1s6265 significantly influenced the surface area and cortical volume of the
frontal, parietal, and temporal brain regions within patients. The NRN/-rs10484320 x BDNI-rs6265 epistasis in the left
lateral orbitofrontal cortex fully mediated the effect on PANSS general psychopathology. Our study not only adds clini-
cal significance to the well-described molecular relationship between NRN! and BDNF but also underscores the utility
of deconstructing SZ into biologically validated brain-imaging markers to explore their mediation role in the path from
genetics to complex clinical manifestation.
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Background

Schizophrenia (SZ) is a severe psychiatric disorder with a
substantial burden affecting 21 million people worldwide
(Charlson et al. 2018). It has a strong genetic component
that is reflected in its high heritability (#° =65-79%) (Hilker

Carmen Almodovar-Paya and Maria Guardiola-Ripoll contributed
equally to co-first authors.

Edith Pomarol-Clotet and Mar Fatj6-Vilas contributed equally to
co-senior authors.

Extended author information available on the last page of the article

Symptoms - Neuroimaging - Mediation

et al. 2018; Sullivan et al. 2003). Moreover, genome-wide
association studies (GWAS) have provided solid evidence
of its polygenicity by describing a hundred genetic variants
with additive effects (Pardiias et al. 2018; Trubetskoy et al.
2022). Interestingly, due to the convergence of those variants
in molecular networks related to synaptic plasticity, it has
been proposed as a key pathophysiological mechanism in
SZ (Hall and Bray 2022). However, the identified risk vari-
ants together only account for a proportion (4’ gy, =24%) of
the variance in liability of the phenotype (Trubetskoy et al.
2022).

It has been suggested that such missing heritability
could arise, among other factors, from nonlinear molecular
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interactions, which are not typically explored in classical
GWAS models (Zuk et al. 2012). In fact, gene-gene inter-
actions between two or more loci have been extensively
studied in animal and cellular models, suggesting that
epistatic networks might represent an essential molecular
mechanism involved in the modulation of complex traits
(Mackay and Moore 2014; Ozsoy et al. 2021). When the
collective effect of large-scale genetic interactions is con-
sidered in humans, the association with complex traits, such
as SZ, becomes more robust and new variants appear (Woo
et al. 2017). Therefore, considering that genetic interactions
mainly occur between genes involved in the same molecular
pathways (Roguev et al. 2008), inspecting epistatic effects
among those involved in synaptic plasticity in SZ may add
relevant data on how genetic factors lead to the emergence
of the disorder.

Considering the phenotypic complexity of SZ as reflected
in its diverse outcomes, neuroimaging genetics approaches
provide a neurobiological context for studying how genetic
variants act to confer an increased risk for the disorder (van
der Meer and Kaufmann 2022). Notably, SZ-related genes
identified by GWAS are highly expressed in brain regions
with structural differences in SZ (Ji et al. 2021) and have
been associated with symptomatology (Legge et al. 2021;
Sengupta et al. 2017). This indicates a partial genetic over-
lap within the axis connecting the brain and symptoms, with
specific genes delineated as potential contributors to cere-
bral alterations that sustain distinct manifestations. Indeed,
some studies have shown that genetic effects on clinical
phenotypes are mediated by specific brain regions and func-
tions in mental disorders (Sudre et al. 2020). Nevertheless,
few cases in the literature explore the impact of epistasis
on brain phenotypes (Callicott et al. 2013; Guardiola-Ripoll
et al. 2022; Teceldo et al. 2019; Xu et al. 2018) and its
mediation eflect on clinical symptoms in SZ. These studies
have highlighted the methodological challenges in explor-
ing epistasis while effectively unveiling non-independent
effects between those genes that go unnoticed when exam-
ining main effects alone. Therefore, such approaches reveal
the important role of gene interactions in the architecture of
common human diseases while helping to connect the sta-
tistical perspective with the complex dynamics of biological
systems (Phillips 2008).

One of the genes intimately implicated in synaptic plastic-
ity processes is Neuritin-1 (NRN1, 6p25.1), which encodes
for a neurotrophin that is highly expressed in the hippocam-
pus, the cerebral cortex and the cerebellum (Naeve et al.
1997). Its expression is experience-dependent (Harwell et
al. 2005; Nedivi et al. 1996) and regulated by Ca®* influx via
the N-methyl-D-aspartate (NMDA) receptors (Fujino et al.
2003). Additionally, it has been described that another neu-
ropeptide, the Brain-Derived Neurotrophic Factor (BDNF,
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11p13), modulates NRNI expression. This gene is highly
expressed in the same cerebral regions as NRN! (Esvald
et al. 2023) and also in an experience-dependent manner
(Tongiorgi 2008). As neurotrophins, both genes exert mul-
tiple functions in the developing brain, being involved, for
example, in enhancing neurite and dendritic growth, sta-
bilising active synapses, improving synaptic maturation,
increasing neuronal migration and regulating apoptosis of
proliferative neurons, but are also involved in regulating
the neuronal plasticity in the adult brain (Sasi et al. 2017;
Yao et al. 2018). In the synaptic cleft, BDNF binds tyrosine
kinase receptor B (TrkB) activating the transcription fac-
tor CREB (cAMP response element-binding protein) that
attaches, among others, to the endogenous NRN! promoter
in vivo (Finkbeiner et al. 1997; Fujino et al. 2003) fostering
functional and structural neuronal changes and leading to
the consolidation of long-term synaptic plasticity (Kaldun
and Sprecher 2019). Besides, animal-based models have
described the direct relationship between BDNF and NRN/
expression, showing that the intraventricular injection or the
intrahippocampal infusion of BDNF into neonatal rat pups
results in the up-regulation of NRNI expression in vivo
(Wibrand et al. 2006).

Current research looking for potential receptors for
NRNI suggests a role in regulating synaptic excitability
through the activation of the insulin receptor (IR) and down-
stream pathway, which trigger the transcription and traffick-
ing of L-type voltage-gated calcium channel (L-VGCC)
subunits to the membrane of cortical neurons, specifically
Cavl.3 and Cavl.2 (Lu et al. 2017; J.-I. Yao et al. 2012;
Zhao et al. 2018). The latter is encoded by humans’ calcium
voltage-gated channel subunit alphal C gene (CACNAIC,
12p13.33). Notably, L-VGCC channels constitute the most
abundant calcium channels in the human brain, account-
ing for approximately 90% (Striessnig et al. 2014). These
channels are located at the post-synapsis, specifically at the
neurons’ soma and dendritic spines and shaft (Jenkins et al.
2010). There, they facilitate Ca>* influx in response to mem-
brane depolarisation, which acts as a cellular messenger that
triggers diverse cellular responses, including the strengthen-
ing of short- and long-term synaptic plasticity and the pro-
motion of activity-dependent gene expression in a process
called excitation-transcription coupling (Ma et al. 2011).

The genetic association of BDNF and CACNAIC genes
has been widely reported in psychiatric disorders, and NRN 1,
while far less explored, has been identified as an interesting
candidate gene, involved in age at onset, general cognitive
abilities and brain activity in SZ (Almodovar-Paya et al.
2022; Chandler et al. 2010; Fatjo-Vilas et al. 2016). Regard-
ing the role of BDNF in SZ, the rs6265 polymorphism
has been associated not only with the risk for the disorder
(Kheirollahi et al. 2016; Rosa et al. 2006) but also with a
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range of clinical features, including the age of onset, symp-
toms, therapeutic responsiveness, neurocognitive function
and brain morphology and activity (see review by Notaras
et al. 2005). About CACNAIC variability, the rs1006737
polymorphism has been repeatedly associated with the risk
for SZ both through GWAS and meta-analysis (Trubets-
koy et al. 2022; Zhu et al. 2019) and with disrupted cogni-
tive performance (Novaes de Oliveira Roldan et al., 2023)
and altered brain structure and function in subjects with
SZ (Gurung and Prata 2015). However, whether epistatic
effects among these genes are involved in the actiology of
SZ remains largely unexplored. Two preceding studies have
suggested that NRNI x BDNF-rs6265 epistasis is associ-
ated with the susceptibility for SZ-spectrum disorders and
modulates depressive symptoms in healthy subjects (HS)
(Fatjo-Vilas et al. 2016; Prats et al. 2017). In summary, the
currently available molecular and genetic association data
point towards the potential synergistic role of NRNI, BDNF
and CACNAIC in the risk of SZ and the modulation of the
disorder’s presentation.

Consequently, we hypothesised that genetic epistasis
between NRNI, BDNF and CACNAIC would be associ-
ated with the clinical manifestations of the disorder and that
such eflects would be mediated by their modulation of brain
cortical structure. To test this hypothesis, first, we explored
the impact of polymorphic variability along the NRNI
gene in combination with BDNF (1s6265) or CACNAIC
(rs1006737) on (i) the risk for SZ; (ii) the clinical sever-
ity and functionality plus age at onset; and, (iii) the neuro-
anatomical cortical measures (thickness (CT), surface area
(CSA) and volume (CV)). Second, we investigated whether
those brain clusters under a significant epistatic effect might
be mediating the clinical outcomes of the patients.

Methods
Sample

The sample consisted of a case-control dataset of 175 indi-
viduals: 86 healthy subjects (HS) and 89 subjects diagnosed
with SZ. All participants provided a biological sample for
genotypic analyses and underwent a comprehensive clinical
evaluation and a magnetic resonance imaging (MRI) ses-
sion, detailed in the subsequent sections. The subjects with
SZ were recruited from Germanes Hospitalaries psychiat-
ric hospitals in the Barcelona area (Hospital Benito Menni
and Hospital Sant Rafael), and the healthy controls were
recruited from the same area.

All participants were of European origin with ages
between 18 and 65 years, had an Intelligence Quotient
(IQ)> 75 according to the Wechsler Adult Intelligence Scale

I (WAIS-III) (Wechsler 1997) and were right-handed.
Experienced psychiatrists evaluated patients using the
Structured Clinical Interview for DSM Disorders (SCID)
(First et al. 2002) and met the DSM-IV-TR criteria for SZ.
The HS had no personal history of mental disorders or treat-
ment. All participants met the same exclusion criteria, which
included a major medical illness affecting brain function,
neurological conditions, a history of head trauma with loss
of consciousness and a history of drug abuse or dependence.

Ethical approval was obtained from the research ecthics
committee, and all participants provided written consent
after being informed about the study procedures and impli-
cations. All procedures were carried out according to the
Declaration of Helsinki.

Clinical assessment

The patients with SZ underwent a clinical evaluation includ-
ing (i) the age at onset of the first episode, based on the first
appearance of psychotic symptoms and established by expe-
rienced psychiatrists through clinical information derived
from case notes and information provided by the patient and
close relatives; (i) symptom severity, evaluated with the
Positive and Negative Symptoms Scale (PANSS) (Kay et
al. 1987); (iii) the Global Assessment of Functioning (GAF)
(Endicott et al. 1976); and, (iv) the Clinical Global Impres-
sion scale (CGI) (Table 1).

Genotyping

Genomic DNA was obtained for all individuals from buc-
cal mucosa through cotton swabs and extracted using ATP
Genomic DNA Mini Kit Tissue (Teknokroma Analitica,
S.A., Sant Cugat del Valles, Barcelona, Spain) or periph-
eral blood cells by punction and extracted using Realpure
SSS Kit for DNA Extraction (Durviz, S.L.U, Valencia,
Spain). We genotyped: (i) eleven single nucleotide poly-
morphisms (SNP) at the Neuritinl gene (NRNI, 6p25.1), (ii)
the SNP rs6265 (also known as Val66Met; GRCh38 posi-
tion: 27,658,369) at the Brain-Derived Neurotrophic Factor
gene (BDNF, 11p13) for which the T allele encodes for the
amino acid methionine (Met) and the C allele encodes for
valine (Val), and (iii) the SNP rs1006737 (GRCh38 posi-
tion: 2,236,129) at calcium voltage-gated channel subunit
alphal gene (CACNAIC, 12p13.33). The genotyping was
carried out at the National Genotyping Center (CeGen) of
the Network Platform of Biomolecular and Bioinformatics
Resources (PRB3) of the Carlos III Health Institute (ISCIII).
The genotyping call rate was 97% and, as shown in Table 2,
the minor allele frequencies were comparable to the ones

@ Springer



1302 Brain Structure and Function (2024) 229:1299-1315

Table 1 Sample characteristics, including a demographic and clinical description of the healthy subjects and the subjects diagnosed with schizo-
phrenia (SZ) of the study

Healthy subjects (n=86)
49/37 (57)
38.57(11.02)

Tliness duration * -

Subjects with SZ (n=289)

26/63 (29) X?=13.78; p<0.001
39.47 (10.88) t=-0.55; p=0.587
16.67 (11.01) -

Sex (females / males)
Age at interview

CPZ equivalents b - 630 (504.91) -
cv 1517379.54 (152541.18) 1554805.55 (146504.42) t=-1.656; p=0.100
Age of onset * - 22.60 (6.38) -
PANSS Positive - 17.34 (5.95) -
PANSS Negative - 20.47 (7.68) -
PANSS General Psychopathology - 33.56 (9.77) -
PANSS Total - 71.37 (19.66) -
GAF - 46.33 (15.13) -
CGI - 4.54 (1.05) -

Mean and standard deviation (sd) are reported for the quantitative variables, while count and percentage (%) are given for the qualitative vari-
ables. For patients, illness duration is shown in years, and chlorpromazine (CPZ) equivalents are in mg/day. Regarding clinical evaluation, the
age at onset in years, the subscales of the Positive and Negative Symptoms Scale (PANSS), the Global Assessment of Functioning (GAF) scale
and the Clinical Global Impression (CGI) scale are reported. Concerning neuroimaging assessment, intracranial volume (ICV) is given in mm?
for patients and controls

2 Data of age at onset was available for 86 subjects with SZ. Illness duration was quantified as the patient’s chronological age minus the age of
onset

® Data of CPZ cquivalent was available for 85 subjects with SZ

Table 2 Information on NRN1, BDNF and CACNAIC SNPs that were included in this study
SNPs Allele® MAF, HS genotypic counts (%)°

Gene SZ genotypic counts (%)°

MAFIMLG sample

NRN1 1rs2208870 G/A 0.34 0.33 7(0.08) 43(0.5) 36(0.42) 10(0.11) 42(0.47) 37(0.42)
rs12333117 T/C 0.40 0.40 15(0.18) 34(04) 36(0.42) 16(0.18) 42(0.47) 31(0.35)
rs582186 AIG 0.38 0.39 12(0.14)  41(048)  32(0.38) 15(0.17)  43(0.49)  30(0.34)
15645649 C/G 0.36 0.38 10(0.12) 47(0.55) 29(0.34) 11(0.12) 49(0.55) 29(0.33)
1s582262 C/G 0.30 0.28 9(0.1) 35(041)  42(0.49)  6(0.07)  35(0.4)  46(0.53)
rs3763180 T/G 0.46 0.46 25(0.29) 42(0.49) 18(0.21) 14(0.16) 36(0.4) 39(0.44)
rs10484320 T/C 0.22 0.22 5(0.06) 23(0.27) 58(0.67) 9(0.1) 33(0.37) 47(0.53)
154960155  C/T 0.49 0.52 26(0.33)  40(0.5) 1400.18)  19(0.21)  40(0.45)  30(0.34)
rs9379002 G/IT 0.29 0.26 6(0.07) 28(0.33) 51(0.6) 7(0.08) 35(0.4) 46(0.52)
19405890  C/T 031 0.33 8(0.09)  33(0.38)  45(0.52)  14(0.16)  39(0.44)  36(0.4)
rs1475157 G/A 0.17 0.15 4(0.05) 15(0.17) 67(0.78) 3(0.03) 23(0.26) 63(0.71)

BDNF rs6265 T/C 0.20 0.21 2(0.02) 27(0.31) 57(0.66) 5(0.06) 34(0.38) 50(0.56)

CACNAIC 151006737 A/G 0.32 0.29 11(0.13)  29(0.34)  46(0.53)  9(0.1) 33(0.37)  47(0.53)

The table reports on the dbSNP number, the alleles, and the minor allele frequency (MAF) for each SNP according to 1000 Genomes Project
(1000G) Phase 3 in European (EUR) population. The MAF and the genotypic count (frequencies) observed in the study sample are also given
for each SNP

@ The minor allele described in the 1000 Genomes Project for the EUR population is placed first

® The homozygous for the minor allele according to the EUR population of the 1000 Genomes project is placed first, then the heterozygous, and
last the homozygous for the major allele

described for the EUR population in the 1,000 Genomes
Project, and the genotype frequencies were in Hardy-Wein-
berg equilibrium (PLINK v.1.07) (Purcell et al. 2007).

MRI data acquisition, processing, and analyses
The neuroimaging protocol was conducted at the Hospital
SantJoan de Déu using a 1.5T GE Sigma MRI scanner. High-

resolution structural-T1 imaging was obtained using the
following acquisition parameters: matrix size=512Xx512;
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180 contiguous axial slices; voxel-resolution 0.47x0.47x 1
mm3; echo (TE), repetition (TR) and inversion (TI) times,
(TE / TR / TI)=3.93 / 2000 / 710 ms, respectively; flip
angle of 15°. This scan was used to estimate the three corti-
cal measures: cortical thickness (CT), cortical surface area
(CSA) and cortical volume (CV).

Structural MRI data were analysed with the FreeSurfer
(http://surfer.nmr.mgh.harvard.edw/). Briefly, the pre-pro-
cessing included the removal of non-brain tissue, automated
Talairach transformation, tessellation of the grey and white
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matter boundaries and surface deformation (Fischl et al.
2004), after which individual images were normalised to a
common stereotaxic space. Some deformation procedures
were performed in the data analysis pipeline, including
surface inflation and registration to a spherical atlas. This
method uses both intensity and continuity information from
the entire three-dimensional images in the segmentation and
deformation procedures to produce vertex-wise representa-
tions of CT, CSA, and CV.

All subjects included in this study passed the standardised
quality-control protocols from the ENIGMA consortium
(http://enigma.ini.usc.edu/protocols/imaging-protocols)
that have previously been applied in large-scale multi-cen-
tre studies (Hibar et al. 2018).

Statistical analyses

Epistasis models between NRNT and its interactors (BDNF
and CACNA1C) on SZ phenotypes

Taking into account previously reported association data,
and to maximise the power of the detected gene-gene
interactions, all the analyses were carried out grouping
the minor and the heterozygous genotypes for all the
NRNI SNPs, for the BDNF-rs6265 (Met-allele carriers
and Val/Val homozygotes) and CACNAIC-rs1006737
(A-allele carriers and GG homozygotes; Supplementary
Table S1 and S2).

First, the epistatic effects on the risk for the disorder
were studied using two-way interaction factors in logis-
tic regression models (adjusted by sex). Second, we used
linear regression models to test the gene-gene effects on
the clinical data within subjects with SZ (adjusted by age
and sex). We only considered those interactions significant
after the Bonferroni correction (0.05 / 11=0.0045, based
on the number of SNPs analysed). Statistical power calcu-
lations were performed using version 1.0.2 of the ‘genpwr’
R package, considering a minor allele frequency (MAF)
range of 0.17 to 0.49 and a power of 0.80. In the case of
epistasis analyses on the risk (case-control logistic regres-
sion), we had a detectable odds ratio > 1.85. For the epis-
tasis analyses on the clinical measures (linear regressions
within patients), we had a potentially detectable regression
coellicient>1.76. Third, the impact of genetic interac-
tions on brain measurements was explored within sub-
jects with SZ using the Qdec graphical user interface that
implements the general linear models. Specifically, our
epistasis analyses were based on the two-factor, two-level
ANOVA implemented in the FreeSurfer software, with the
two genes (NRN! and the interactor, BDNF or CACNA1C)
as groups and three covariates (sex, age, and intracranial
volume (ICV)). We used a Monte Carlo Null-Z simulation

with a z-value threshold of 2.3 (equivalent to p<0.005,
two tails) to correct for multiple comparisons. In these
analyses, according to the Bonferroni threshold mentioned
before, only those clusters with cluster-wise p-threshold
that met that criterion were considered. Anatomical loca-
tions of the significant regions were determined using the
surface atlas included in the FreeSurfer software. Fourth,
the values for each significant cluster were imported to
SPSS to explore their association with clinical measures
using linear regression models (adjusted by age and sex),
for graphical purposes and further moderated mediation
analyses.

Moderated mediation analyses

A moderated mediation model included those epistatic
models significantly associated with clinical profiles
and neuroanatomical measures (Fig. 1). This approach
allowed us to investigate whether those brain clusters
where we detected significant epistasis between NRN/
and BDNF or CACNA1C might mediate the effect detected
on clinical profiles. We built a moderated mediation
analysis with NRN/ as the predictor variable (X), clini-
cal features as the response variable (Y), BDNF-rs6265
or CACNAIC-rs1006737 as the moderator variable (Mo),
and the brain measures as the mediating variable (Me).
We used the R package “mediation” (Tingley et al. 2014).
This tests, first, if the effect of X on the Me differs con-
ditional to Mo (model 1: Me= B0+ 11X+ pf2Mo+ B3XM
o+¢), and second, if Me and the interaction between X
and Mo are significantly associated with Y (model 2: Y=
BO+p1Me+B2X + B3Mo+ f4XMo +¢). Lastly, it allows
the calculation of the indirect effect (the index of mod-
eration mediation), which is quantified as the product of
the regression coeflicient for the X and Mo interaction in
model 1 and the regression coefficient of Me in model
2 (Pindirect=PB3XMo * f1Me). Once the indirect effect
is calculated, the confidence interval and the significance
levels for the entire indirect effect are estimated based on
the bootstrap method with 10,000 resampling iterations.
The conceptual and statistical diagrams of the model are
shown in Fig. 1.

Results

Sample characteristics

Table 1 shows the main sociodemographic and clinical data
of the sample. As shown, subjects with SZ and HS presented

sex differences; then, this variable was used as a covariable
in the analyses exploring the epistatic effect on the risk.
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A) Conceptual diagram

Moderator
variable (Mo)

BDNF /CACNA1C

| Mediator |
+ variable (Me) }

Brain cluster

Predictor Response
variable (X) e variable (Y)
NRN1 SNPs Clinical profile

Fig. 1 Schematic representation of the different moderated mediation
models used. (A) Conceptual diagrams representing the used model.
The grey arrows indicate the indirect effect of X on Y through Me
and modulated by Mo. (B) Statistical diagram depicting the different
equations used in the moderated mediation model. Two equations are
used to estimate the index of moderation mediation (IMM): first, the
effect of X (al) and Mo (a2) variables and their interaction (a3) on Me

B) Statistical diagram

) b

a2 a3

c3

[ = ]

(model 1: Me=p0+p1X+ p2Mo+ B3XMo +¢); second, the effect of
X (c’1), Mo (c’2), their interaction (c’3) and Me (b1) on Y (model 2:
Y =00+ p1Mec+p2X + p3Mo + p4XMo +&). The different letters rep-
resent the coeficients of each one of these effects. Then, the index of
moderated mediation was calculated as the product of the coefficients
a3*bl

Table 3 Linear regression models showing significant NRN! epistasis with BDNF or CACNAIC on clinical measures

Clinical outcomes Models Genetic predictors B SE p-value
Epistasis with BDNF
PANSS General Psychopathology * 1) Main effects NRNI-rs10484320 -0.087 2.105 0.426
BDNF-1s6265 -0.018 2.146 0.873
ii) Interaction NRNI-rs10484320 x BDNF-1s6265 -0.583 4.076 0.003
Epistasis with CACNAIC
GAF® i) Main effects NRN1-rs4960155 0.111 3.468 0.312
CACNA1C-rs1006737 -0.100 3.284 0.346
ii) Interaction NRN1-rs4960155 x CACNAIC-rs1006737 0.233 6.727 0.002

Each factor effect is given (B, standardized regression coeflicient; SE, standard error), and the global statistics of each model are shown below
the table. PANSS: positive and negative syndrome scale; GAF: Global Assessment of Functioning

% Overall Statistical Model: 1) Main effects model F = 0.605 and Adj»R2 = 0.018, ii) Interaction model F = 2.397 and Adj—R2 =0.074
® Overall Statistical Model: i) Main effects model F = 0.414 and Adj-R? = 0.027, ii) Interaction model F = 2.504 and Adj-R> = 0.079

Epistatic effects on the risk for SZ

There were no NRNI x BDNI-rs6265 nor NRNI x CAC-
NA1C-rs1006737 epistatic effects on the risk for the disor-
der (Supplementary Table S1 and S1).

Epistatic effects on SZ clinical measures

We detected a significant two-order gene-gene interaction
between NRNI-rs10484320 and BDNF-rs6265 on PANSS
general psychopathology. As shown in Table 3, while the
main effects of NRN/-rs10484320 and BDNIF-rs6265 were
not detected, the interaction of both was significant. Adding
the interaction term significantly improved the model’s overall
fit (A-R*=0.098, p-value of the change =0.003). As illustrated
in Fig. 2A, patients presented inverse patterns in PANSS gen-
eral psychopathology scores as a function of both NRN/ and
BDNEF genotypes. Remarkably, the significance of this effect
is amplified with the inclusion of treatment, as chlorpromazine
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(CPZ) equivalents in mg/day, as a covariate in the model (f =
-0.651, SE=4.154, p =0.001, model Adj-R*>=0.099).

We also found a significant NRNI-rs4960155 x CAC-
NA1C-rs1006737 epistasis effect on GAF scores. As indi-
cated in Table 3, no main genotypic effects were detected,
whereas their interaction was significant. When the interac-
tion term was included, the model’s overall fit significantly
improved (A-R*=0.112, p-value of the change=0.002).
As shown in Fig. 2B, patients presented inverse patterns
in GAF scores as a function of both NRNI and CACNAIC
genotypes. This eflect did not substantially change when
CPZ was added as a covariable in the model (B = 0.582,
SE=6.832, p=0.003, model Adj-R*>=0.102).

Epistatic effects on SZ brain cortical measures
Regarding the interaction between NRN/ SNPs and BDNI-

rs6265, we detected many significant effects affecting the
CSA of frontal, parietal and temporal regions. We also
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Fig. 2 Bar plots showing the significant cpistatic cflects detected on tive Symptoms Scale (PANSS) general psychopathology. B) NRNI-
clinical measures within SZ subjects. Each bar represents the scores’ 1s4960155 x CACNA1C-rs1006737 interaction on Global Assessment
marginal mean (+2 standard error) for each epistatic group. A) of Functioning (GAF)

NRN1-rs10484320 x BDNF-rs6265 interaction on Positive and Nega-

Table 4 Significant clusters of interaction between NRNI and BDNF on different cortical measures (CM), such as cortical surface arca (CSA),
cortical thickness (CT) and cortical volume (CV)

Genetic variants CM CN H MNI coordinates Z CWP Size Label
Epistasis with BDNF
NRN1-rs2208870 x BDNF-rs6265 CSA 1 R 224 -943 123 386 0.0002 796.61 Lateral occipital
NRNI-rs4960155 x BDNF-rs6265 CSA 2 L -403 138 448 -536 0.0005 813.94  Caudal middle frontal
NRN1-rs9379002 x BDNF-rs6265 CSA 3 L -523 216 15.0 4.64 0.0025  646.83 Parsopercularis

CSA 4 R 526 -11.5 37.1 594 0.0001 969.25  Postcentral

CSA 5 R 167 38.2 -179 507 0.0001  833.06 Lateral orbitofrontal
NRN1-1s1475157 x BDNF-rs6265 CSA 6 L -469 -40.8 -154 434 0.0001 1284.28 Inferior temporal

CSA 17 R 77 475 373 457  0.0033  342.39 Superior frontal
NRN1-rs10484320 x BDNF-rs6265 cy 8 L -273 217 -4.1 -6.33  0.0013  529.04 Lateral orbitofrontal
NRN1-rs4960155 x BDNF-rs6265 cvV 9 L -403 13.0 401 -505 0.0001 756.48  Caudal middle frontal
NRNI-rs9379002 x BDNF-1s6265 Ccv 10 R 205 304 -136 456 00019 499.85  Lateral orbitofrontal

Epistasis with CACNAIC
NRNI-rs1475157 x CACNAIC-1s1006737 CSA 11 L -47.7 -12.0 -294 448 0.0025 771.82  Inferior temporal
NRN1-rs12333117 x CACNAIC-rs1006737 CV 12 L -442 269 256 -3.67 0.0005 576.61 Rostral middle frontal

For each cluster are given per hemisphere (H: left (L) and right (R)), with the cluster number (CN), the main peak MNI coordinates, the Z value,
the cluster-wise p-value (CWP), the size (as the number of vertices), and the label according to the Deskian-Killiany atlas included in FreeSurfer

found that some epistasis effects regulated the CV of frontal =~ were associated with elevated PANSS scores, which are
regions (Table 4; Fig. 3). indicative of more severe symptoms. These effects ramined

Concerning the interaction between NRN/ SNPs and  significant when CPZ was incorporated as a covariate in
CACNAIC-rs1006737, we detected significant effects mod- the model (Positive B = 0.322, SE=0.003, p=0.004, model
ulating the CSA of temporal regions and the CV of frontal  Adj-R>=0.063; Negative p = 0.269, SE=0.004, p=0.014,

regions (Table 4; Fig. 4). model Adj-R?=0.105; General Psychopathology p = 0.281,
All the results remained significant after incorporating ~ SE=0.005, p=0.011, model Adj-R*=0.059; Total scores f
CPZ as a covariate in the model (data not shown). = 0.340, SE=0.009, p=0.001, model Adj-R*>=0.116). We
also observed a significant correlation between the inferior

Cortical measures effects on clinical features temporal region (cluster 11) and GAF scores (Table 5). As
depicted in Fig. 5D, greater volumes of the inferior temporal

We found a significant association between the cluster com- cortex were associated with lower GAF values, which are

prising the left lateral orbitofrontal cortex (L-LOFC) (clus-  indicative of worse functioning. This effect did not change
ter 8) and PANSS subscales and total scores (Table 5). As ~ when CPZ was added as a covariate in the model (p =
illustrated in Fig. SA, B and C, greater volumes of L-LOFC -0.243, SE=0.006, p=0.024, model Adj-R2=0.082).
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A) Epistasis effects on cortical surface area (CSA)
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Fig. 3 Brain regions where significant epistatic effects between NRN! where a specific colour distinguishes each cluster, and both lateral and
and BDNF were detected in the whole-brain FreeSurfer analyses. We medial views are presented for each hemisphere (LH: left hemisphere;
represented significant gene-gene interactions related to cortical sur- RH: right hemisphere). The bar plots depict the marginal mean scores
face area (CSA) (A) and cortical volume (CV) (B) on the pial surface, (+2 standard error) for each epistatic group
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A) Epistasis effects on cortical surface area (CSA)

B) Epistasis effects on cortical volume (CV)
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Fig. 4 Brain regions where significant cpistatic effects between NRN/
and CACNAIC were detected in the whole-brain FreeSurfer analyses.
We represented significant gene-gene interactions related to cortical
surface area (CSA) (A) and cortical volume (CV) (B) on the pial sur-

face, where each cluster is distinguished by a specific colour, and both
lateral and medial views are presented for each hemisphere (LH: left
hemisphere; RH: right hemisphere). The bar plots depict the marginal
mean scores (+2 standard error) for each epistatic group

Table 5 Linear regression models showing significant associations between brain clusters and clinical measures

Clinical outcomes Cluster predictors B SE Adj-R? p-value
CM CN Label

PANSS Positive Ccv 8 Lateral orbitofrontal 0.296 0.003 0.054 0.007

PANSS Negative (6)% 8 Lateral orbitofrontal 0.227 0.004 0.091 0.038

PANSS General Psychopathology (&% 8 Lateral orbitofrontal 0.250 0.005 0.050 0.021

PANSS Total CcvV 8 Lateral orbitofrontal 0.303 0.010 0.085 0.005

GAF CSA 11 Inferior temporal -0.269 0.006 0.031 0.021

The table shows the cortical measures (CM), such as cortical volume (CV) and cortical suface arca (CSA), the cluster number (CN) and its
location (label) according to the Desikan-Killian Atlas; the clinical outcomes (Positive and Negative syndrome scale (PANSS) and Global
Assessment Functioning (GAF)); the statistical parameters of each regression model (B, standardized regression coefficient; SE, standard error;

Adj-R?, adjusted R?)

Brain structure as a mediator of the epistatic effects
on clinical features in SZ

Given the NRNI-rs10484320 x BDNI-rs6265 epistatic
effect on both PANSS general psychopathology (Table 3;
Fig. 2A) and the CV of the L-LOFC (Table 4; Fig. 3, clus-
ter 8), we explored whether this brain cluster mediated the
detected epistatic eflect on psychopathology. As shown in
Table 6 and schematised in Fig. 6, after extracting the mean
values of the L-LOFC cluster for each individual, we con-
firmed that NRN1-rs10484320 x BDNF-1s6265 epistasis sig-
nificantly accounted for variation of the L-LOFC volume.
However, when the NRNI-rs10484320 x BDNF-rs6265
interaction and the L-LOFC volume were included in the
same model to predict PANSS general psychopathology,

70

the mediator was significantly associated, but the interac-
tion did not retain its significance. The significant index of
moderated mediation indicates that the influence of NRNI-
rs10484320 x BDNF-rs6265 on PANSS general psycho-
pathology is entirely mediated by its impact on L-LOFC
volume. This effect remained significant when CPZ was
added as a covariate in the model (IMM = -25.839; SE =
13.942; Bootstrap 95% CI [-59.225 —-5.108], p = 0.024)

Discussion
Based on data coming from several animal and cellular

studies that highlight the molecular links between NRNI,
BDNF and CACNAIC genes (Fujino et al. 2003; Wibrand
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Fig.5 Scatter plots showing the significant correlations between brain
clusters and clinical measures within subjects with SZ. For both clini-
cal and morphometric measures, the reported values signify estimated
marginal means. These means have been adjusted for potential con-
founding factors, including age and sex. In the case of brain measures,
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the adjustments also encompass intracranial volume. PANSS: positive
and negative syndrome scale; GP: general psychopathology; GAF:
Global Assessment Functioning; CV: cortical volume; CSA: cortical
surface area; L-LOFC: left lateral orbitofrontal cortex

Table 6 Moderated mediation effect of left lateral orbitofrontal cortex (L-LOFC, cluster 8) volume on the impact of NRNI-rs10484320 x BDNF-
156265 epistasis on the Positive and Negative Symptoms Scale General Psychopathology (PANSS-GP)

Outcome variable Models Predictor variables B/ IMM* SE Bootstrap 95% CI p-value

Mediator

L-LOFC al NRNI-rs10484320 -0.308 86.681 -295.80 - 21.14 0.124
a2 BDNF-1s6265 -0.048 84.922 -175.477 - 118.905 0.812
a3 NRNI-rs10484320 x BDNF-1s6265 -4.117 477.362 -2912.76 - -1070.41 0.002

Response variable

PANSS PG el NRN1-rs10484320 0.367 2.980 1.429 - 12.595 0.026
2 BDNF-1s6265 0.294 2.994 0.494 - 11.202 0.046
'3 NRN1-rs10484320 x BDNF-rs6265 -0.911 24.842 -68.574 - 51.022 0.401
bl L-LOFC 0.273 0.005 0.002 - 0.025 0.016

Moderated mediation

NRN1-rs10484320 x BDNF-rs6265 — L-LOFC — PANSS PG -24.24* 13.905 -59.132 —-3.467 0.036

The table shows the statistical parameters of each model (B, standardized regression coeflicient; SE, standard error; 95% confidence interval

(CD); IMM, index of moderated mediation)

et al. 20006), this study explores the neurobiological path-
ways through which the epistasis between these synaptic
plasticity-related genes may be associated with the clini-
cal presentation of SZ. By combining genetic, neuroimag-
ing and clinical data, the main findings show the epistasis
between NRNI and its interactors (BDNI" and CACNAIC)
on SZ clinical features and indicate that this joint genetic

@ Springer

background may exert its effect through the impact on neu-
roanatomical measures.

Regarding our analyses exploring the epistatic effect on
the risk for SZ, we did not detect any significant association.
While the individual effect of NRN1, BDNF and CACNAIC
on the risk for SZ is reported in different studies, there is
little evidence showing that NRN/ role seems to be not
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Fig. 6 Conceptual diagram showing the significant moderated media-
tion model. Epistatic effects between NRN/-rs10484320 x BDNF-
156265 on the left lateral orbitofrontal cortex (L-LOFC) volume medi-

independent of BDNF (Fatjo-Vilas et al. 2016; Prats et al.
2017), and no previous study has explored the epistasis with
CACNAIC. Thus, the counterpart to the novelty in our study
is the challenge in comparability, as there is only one prior
study (Fatjo-Vilas et al. 2016) that described a significant
interaction effect between NRNI-rs9379002 and BDNI*-
rs6265 on a broader clinical spectrum, including both SZ
and bipolar disorder. These discrepancies could be due to
differences in diagnosis and sample size. Nonetheless, the
current results do not indicate a direct epistatic eflect on the
risk of SZ, but reveal significant epistatic effects relevant to
the clinical presentation of the disorder.

In this sense, we found a significant interaction between
NRN1-rs10484320 and BDNF-rs6265 impacting PANSS
general psychopathology, which encompasses symptoms
like anxiety, guilt, tension, depression, and disorientation
(Kay et al. 1987). Albeit earlier studies noted the nega-
tive impact of BDNF-rs6265 ValVal genotype on various
PANSS subscales (Chang et al. 2009; Numata et al. 2006;
Zhai et al. 2013), our data revealed that NRN1-rs10484320
modifies this effect. We observed more severe symptoms in
patients carrying the NRNI T allele and the BDNF ValVal
genotype or the NRNI CC genotype and the BDNI Met
allele than in those carrying the opposite genotypic combi-
nations. We also identified a significant interaction between
NRN1-rs4960155 and CACNAIC-rs1006737 affecting GAF
scores, summarising personal, social, and psychological
functioning (Endicott et al. 1976). Again, previous research
has established the C4CNA1C-rs1006737 A allele as a risk
factor for SZ through GWAS and meta-analytic approaches
(Liu et al. 2020; Trubetskoy et al. 2022) and has demon-
strated its detrimental effect on longitudinal GAF scores
and recovery after psychotic episodes (Heilbronner et al.
2015). Our data adds to such evidence by revealing that
NRN1-rs4960155 modulates the CACNA1C effects. Patients
with the NRN!I TT genotype and the A allele for CACNAIC
and those with the NRN/ GG genotype but carrying the
C allele for CACNA1C exhibited poorer functioning. It is

ates the epistatic effects on Positive and Negative Symptoms Scale
(PANSS) General Psychopathology

worth mentioning that both NRN/ SNPs, rs10484320 and
rs4960155, have been previously associated with the risk of
SZ-spectrum disorders and have been found to influence IQ
scores among these individuals (Chandler et al. 2010; Fatjo-
Vilas et al. 2016).

Nevertheless, taking into account the clinical heteroge-
neity of SZ and its complex actiology, expecting a direct
influence of genetic background on the disorder’s clinical
presentation seems unrealistic; instead, genetic networks
might modulate a lower-level trait, which, in turn, sus-
tains the manifestation of symptoms (Glahn et al. 2010;
Meijer et al. 2021). Therefore, following other previous
studies (Kirschner et al. 2020; Miranda et al. 2019; Sudre
et al. 2020), we have proposed that deconstructing SZ
into biologically validated and stable trait markers, such
as brain structural measures and investigating their role
in mediating symptomatology could help to fill the gap
in the path from synaptic plasticity genetic variability to
the complex and heterogeneous clinical presentation of
the disorder.

In this regard, we discovered that NRNI-rs2208870
and several upstream variants (rs10484320, rs4960155,
rs9379002, rs1475157) interact with BDNF-rs6265 to mod-
ulate CSA and CV among individuals with SZ. Additionally,
we identified that NRNI-rs1475157 and NRN1-12333117
interact with CACNAIC-rs1006737, modulating the CSA
and CV, respectively, among individuals with SZ. These
findings highlight the role of epistatic interactions involving
NRNI1, BDNF, and CACNAIC in contributing to the strong
genetic underpinnings of CSA, which is estimated to have
a heritability of 91% (Eyler et al. 2012). The critical roles
of these genes in neural development (Sasi et al. 2017; Yao
et al. 2018) also support its inclusion in the pool of genetic
factors influencing CSA, which is driven by regulatory ele-
ments active during prenatal cortical development (Grasby
et al. 2020).

Those brain regions significantly modulated by epistasis
effects, mainly frontal regions as well as some parietal and
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temporal regions, have been previously reported to pres-
ent CSA and CV reductions in patients with SZ (Erp et al.
2018; Madre et al. 2020; Rimol et al. 2012). Voxel-based
morphometry meta-analyses have also evidenced CV reduc-
tions, especially in frontotemporal regions (Bora et al. 2011;
Honea et al. 2005). Though our analysis was confined to
patients with SZ patients, our findings indicate that these
specific epistatic combinations distinctly impact brain struc-
ture in this group. Thus, it is plausible that these genetic
interactions might also play a role in the molecular mecha-
nisms contributing to the previously mentioned differences
in cortical structure between patients and HS.

From all the epistasis effects on brain structure, we high-
light the NRNI-rs10484320 x BDNF-rs6265 interaction
effect on the L-LOFC volume since these genetic variants
also jointly modulate PANSS general psychopathology.
Our moderated mediation model was designed to deep into
the relationship between these significant associations and
confirmed the mediation effect of the L-LOFC in the rela-
tionship between the NRN/-rs10484320 x BDNI-rs6265
epistasis and the PANSS general psychopathology scores.

However, contrary to the expected, the same patients
who presented the lowest PANSS general psychopathol-
ogy scores, those carriers of the CC genotype for NRNI-
rs10484320 and the ValVal genotype for BDNF-rs6265,
were the ones with the smaller left L-LOFC volume. The
L-LOFC, as part of a functional network including the
medial prefrontal cortex (Ongiir and Price 2000), plays
multiple roles, such as the integration of multiple sensory
information, modulation of visceral reactions, and par-
ticipation in learning, prediction, and decision-making for
emotional and reward-related behaviours (Kringelbach and
Rolls 2004; Rolls 2004). Findings in SZ regarding struc-
tural alterations of the OFC are controversial. While some
studies have reported volume reductions (Madre et al. 2020;
Rimol et al. 2012), others have described increased volume
of the left OFC (Lacerda et al. 2007). These incongruities
are not clarified by exploring the relationship with symp-
toms, as both volume increase and decrease have been asso-
ciated with SZ symptomatology (Baaré¢ et al. 1999; Gur
et al. 2000; Koutsouleris et al. 2008; Lacerda et al. 2007;
Nakamura et al. 2008). Interestingly, proteomic studies have
linked N-methyl-D-aspartate (NMDA) receptors hypofunc-
tion and disruption of calcium homeostasis with OFC volu-
metric alterations in SZ (Nascimento and Martins-de-Souza
2015; Velasquez et al. 2019). At the clinical level, decreas-
ing glutamatergic neurotransmission through NMDA recep-
tor antagonists generates and worsens psychotic traits,
suggesting its significance as a major pathway for symptom
development in SZ (Lewis and Gonzalez-Burgos, 2007). In
fact, NRNI expression in the cortex is regulated by Ca>*
signalling via the NMDA receptor (Fujino et al. 2003), and
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NMDA receptor-mediated neurotransmission and plasticity
are particularly affected by BDONF-rs6265 genotype within
the hippocampus and infralimbic medial prefrontal cor-
tex (Ninan et al. 2010; Pattwell et al. 2012). A significant
pathway in the development of positive and negative symp-
toms may result from the reduced activity of glutamate,
mainly mediated through the NMDA receptor (Lewis and
Gonzalez-Burgos, 2007). Therefore, both neurotrophic fac-
tors might play a role in the molecular pathways underlying
the volumetric differences of the L-LOFC in SZ subjects
that are behaviourally reflected in general psychopathology.
Thus, our findings offer insight into the previously debated
results, providing evidence that these genetic factors may
contribute to volumetric variability among individuals,
which, in turn, may underlie the emergence of general psy-
chopathology during lifespan.

To understand how those genetic variants modulate psy-
chopathology through their impact on brain structure, the
functional consequences of those polymorphisms must be
considered. On the one hand, animal and cell-based models
have demonstrated that the BDNF-rs6265 Met variant aftects
both its intracellular distribution and activity-dependent
secretion (Chen et al. 2005, 2006; Chiaruttini et al. 2009;
Egan et al. 2003). On the other hand, data from the GTEx
Project identifies BDNF-rs6265 and NRNI-rs10484320
variants as expression quantitative trait loci (eQTLs) affect-
ing the expression of both genes in the brain context but
does not indicate an epistatic effect. However, it is essential
to note that statistical interaction between polymorphisms
does not necessarily imply a direct impact on gene expres-
sion; instead, the identified epistasis could reflect the influ-
ence of these polymorphisms on intermediate pathways.

Finally, we acknowledge several limitations in our study,
with the primary concern being the sample size. To mitigate
potential overfitting, we calculated the smallest detectable
effect in our sample for both risk assessment and clinical
associations and applied the Bonferroni threshold to select
significant epistasis. Concerning power estimation related to
brain structure analyses it is discouraged due to the inherent
properties of whole-brain approaches. Additionally, power
calculations using vertices inside a significant cluster may
create circularity because these vertices have already been
selected for having highly different values (Vul et al. 2009).
Despite these challenges, we employed various method-
ological strategies to avoid type I errors. Firstly, we selected
polymorphic variants with known associations with SZ and
described functional interactions. Secondly, we applied the
cluster-wise correction method to correct for multiple com-
parisons and selected only those clusters that met the Bon-
ferroni criterion. Simultaneously, to enhance the robustness
of our findings and avoid potential pitfalls, we connected
epistatic effects on symptomatology and brain structure
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through a mediation exploration. These approaches allowed
for the concurrent detection of the interaction effect between
NRN1-rs10484320 and BDNF-1s6265 on SZ PANSS gen-
eral psychopathology and L-LOFC volume while describ-
ing that this effect on the clinical manifestation is fully
mediated by brain structure. However, we must acknowl-
edge the potential for type II errors that may have impeded
the detection of epistatic effects in other regions. Another
limitation is that our study did not directly investigate the
molecular mechanisms underlying the genetic interactions
that contribute to the clinical presentation of SZ. It is impor-
tant to note that our analyses focus on identifying statisti-
cal relationships, which do not necessarily imply direct
biological connections. However, the biological plausibil-
ity of our findings is supported by prior cellular and animal
models describing functional interactions related to synaptic
plasticity between the studied genes. Nevertheless, further
studies are necessary to validate the statistical and biologi-
cal impact of genetic interactions on brain structure and
symptoms. Lastly, while the homogeneity of our sample
concerning ethnicity and demographic variables minimises
potential errors, it also restricts the generalizability of our
results. Upcoming research should strive for larger samples
with more diverse representations to enhance the external
validity of our findings.

Conclusions

In conclusion, our study adds clinical significance to the
well-described molecular relationship between NRNI and
its molecular interactors, BDNF and CACNAIC, since we
provide the first evidence of their epistatic impact on PANSS
general psychopathology through its eflect on L-LOFC vol-
ume specifically within subjects with SZ.
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024-02793-5.

Acknowledgements We are grateful to all the participants, whose
generosity made possible this study. This study received funding pro-
vided by: 1) Fundacion Alicia Koplowitz; i) Académia de les Ciéncies
Mediques i de la Salut de Catalunya i de Balears (predoctoral con-
tract to C A-P); iii) Instituto de Salud Carlos III through the project
PI18/01535 and a Miguel Servet contract to M F-V (CP20/00072), co-
funded by European Regional Development Fund (ERDF)/European
Social Fund “Investing in your future”; iv) Comissionat per a Univer-
sitats i Recerca del DIUE of the Generalitat de Catalunya (Agéncia de
Gestio d’Ajuts Universitaris i de Recerca (AGAUR), 2021SGR1475).
The funding sources played no role in the design of the study, the col-
lection, analysis, or interpretation of data, or the decision to submit this
manuscript for publication.

Author contributions Conceptualisation: CA-P and MF-V. Funding
acquisition: MM, JS-V, CG, EP-C and MF-V. Supervision: MF-V. Re-

sources: CA-P, MG-R, MG-L, MO-I, MM and JS-V, EP-C and MF-V.
Methodology: CA-P, MG-R, EP-C and MF-V. Data curation: CA-P,
MG-R, EJC-R. Formal analysis and investigation: CA-P, MG-R, MG-
L, LFC, BA, CG, EJC-R and MF-V. Visualization: CA-P. Writing
(original draft): CA-P, MG-R and MF-V. Writing (review and editing):
all authors.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.

Data availability No datasets were gencrated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Almodovar-Paya C, Guardiola-Ripoll M, Giralt-Lopez M, Gallego
C, Salgado-Pineda P, Miret S, Salvador R, Muioz MJ, Lazaro
L, Guerrero-Pedraza A, Parellada M, Carriéon MI, Cuesta MJ,
Maristany T, Sarré S, Fafianas L, Callado LF, Arias B, Pomarol-
Clotet E, Fatjo-Vilas M (2022) NRNI1 gene as a potential marker
of early-onset Schizophrenia: evidence from genetic and neuro-
imaging approaches. Int J Mol Sci 23(13) Article 13. https:/doi.
org/10.3390/ijms23137456

Baaré WFC, Pol HEH, Hijman R, Mali WPT, Viergever MA, Kahn
RS (1999) Volumetric analysis of frontal lobe regions in schizo-
phrenia: relation to cognitive function and symptomatology.
Biol Psychiatry 45(12):1597-1605. https://doi.org/10.1016/
S0006-3223(98)00266-2

Bora E, Fornito A, Radua J, Walterfang M, Seal M, Wood SJ, Yiicel
M, Velakoulis D, Pantelis C (2011) Neuroanatomical abnormali-
ties in schizophrenia: a multimodal voxelwise meta-analysis and
meta-regression analysis. Schizophr Res 127(1):46-57. https://
doi.org/10.1016/j.schres.2010.12.020

Callicott JH, Feighery EL, Mattay VS, White MG, Chen Q, Baranger
DAA, Berman KF, Lu B, Song H, Ming G, Weinberger DR (2013)
DISC1 and SLCI2A2 interaction affects human hippocampal
function and connectivity. J Clin Investig 123(7):2961-2964.
https://doi.org/10.1172/JCI67510

Chandler D, Dragovi¢ M, Cooper M, Badcock JC, Mullin BH, Faulkner
D, Wilson SG, Hallmayer J, Howell S, Rock D, Palmer LIJ,
Kalaydjieva L, Jablensky A (2010) Impact of Neuritin 1 (NRN1)
polymorphisms on fluid intelligence in schizophrenia. Am J Med
Genet Part B: Neuropsychiatric Genet 153B(2):428-437. https://
doi.org/10.1002/ajmg.b.30996

@ Springer



1312

Brain Structure and Function (2024) 229:1299-1315

Chang H-A, Lu R-B, Shy M-J, Chang C-C, Lee M-S, Huang S-Y
(2009) Brain-derived neurotrophic factor Val66Met Polymor-
phism: Association with psychopathological symptoms of
Schizophrenia? J Neuropsychiatry Clin Neurosci 21(1):30-37.
https://doi.org/10.1176/jnp.2009.21.1.30

Charlson FJ, Ferrari AJ, Santomauro DF, Diminic S, Stockings E, Scott
JG, McGrath JJ, Whiteford HA (2018) Global Epidemiology and
burden of Schizophrenia: findings from the global burden of Dis-
ease Study 2016. Schizophr Bull 44(6):1195-1203. https://doi.
org/10.1093/schbul/sby058

Chen Z-Y, Ieraci A, Teng H, Dall H, Meng C-X, Herrera DG, Nykjaer
A, Hempstead BL, Lee FS (2005) Sortilin Controls Intracellu-
lar sorting of brain-derived neurotrophic factor to the regulated
secretory pathway. J Neurosci 25(26):6156-6166. https://doi.
org/10.1523/INEUROSCI.1017-05.2005

Chen Z-Y, Jing D, Bath KG, Teraci A, Khan T, Siao C-J, Herrera DG,
Toth M, Yang C, McEwen BS, Hempstead BL, Lee FS (2006)
Genetic variant BDNF (Val66Met) polymorphism alters anxi-
ety-related behavior. Science 314(5796):140-143. https:/doi.
org/10.1126/science.1129663

Chiaruttini C, Vicario A, Li Z, Baj G, Braiuca P, Wu Y, Lee FS, Gar-
dossi L, Baraban JM, Tongiorgi E (2009) Dendritic trafficking of
BDNF mRNA is mediated by translin and blocked by the G196A
(Val66Met) mutation. Proc Natl Acad Sci USA 106(38):16481—
16486. https://doi.org/10.1073/pnas.0902833106

de Novaes AC, Fernandes Junior LCC, de Oliveira CEC, Nunes SOV
(2023) Impact of ZNF804A rs1344706 or CACNAILC rs1006737
polymorphisms on cognition in patients with severe mental dis-
orders: a systematic review and meta-analysis. World J Biol Psy-
chiatry 24(3):195-208. https://doi.org/10.1080/15622975.2022.2
097308

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Ber-
tolino A, Zaitsev E, Gold B, Goldman D, Dean M, Lu B, Wein-
berger DR (2003) The BDNF val66met polymorphism affects
activity-dependent  sccretion of BDNF and human memory
and hippocampal function. Cell 112(2):257-269. https://doi.
org/10.1016/S0092-8674(03)00035-7

Endicott J, Spitzer RL, Fleiss JL, Cohen J (1976) The Global Assess-
ment Scale: A Procedure for Measuring overall severity of
Psychiatric Disturbance. Arch Gen Psychiatry 33(6):766-771.
https://doi.org/10.1001/archpsyc.1976.01770060086012

Esvald E-E, Tuvikene J, Kiir CS, Avarlaid A, Tamberg L, Sirp A,
Shubina A, Cabrera-Cabrera F, Pihlak A, Koppel I, Palm K,
Timmusk T (2023) Revisiting the expression of BDNF and its
receptors in mammalian development. Front Mol Neurosci 16.
https://www.frontiersin.org/articles/https://doi.org/10.3389/
famol.2023.1182499

Eyler LT, Chen C-H, Panizzon MS, Fennema-Notestine C, Neale MC,
Jak A, Jernigan TL, Fischl B, Franz CE, Lyons MJ, Grant M,
Prom-Wormley E, Seidman LJ, Tsuang MT, Fiecas MJA, Dale
AM, Kremen WS (2012) A comparison of heritability maps of
cortical surface area and thickness and the influence of Adjust-
ment for whole brain measures: a magnetic resonance imaging
twin study. Twin Res Hum Genetics: Official J Int Soc Twin Stud
15(3):304-314. https://doi.org/10.1017/thg.2012.3

Fatjo-Vilas M, Prats C, Pomarol-Clotet E, Lazaro L, Moreno C,
Gonzilez-Ortega I, Lera-Miguel S, Miret S, Mufioz MJ, Ibafiez
I, Campanera S, Giralt-Lopez M, Cuesta MJ, Peralta V, Ortet G,
Parellada M, Gonzalez-Pinto A, McKenna PJ, Fafianas L (2016)
Involvement of NRNT1 gene in schizophrenia-spectrum and bipo-
lar disorders and its impact on age at onsct and cognitive func-
tioning. World J Biol Psychiatry 17(2):129-139. https://doi.org/1
0.3109/15622975.2015.1093658

Finkbeiner S, Tavazoie SF, Maloratsky A, Jacobs KM, Harris KM,
Greenberg ME (1997) CREB: a major mediator of neuronal

@ Springer

neurotrophin responses. Neuron 19(5):1031-1047. https:/doi.
org/10.1016/S0896-6273(00)80395-5

First M, Spitzer R, Gibbon M, Williams J (2002) Structured clinical
interview for DSM-IV-TR Axis I Disorders, Research Version,
Non-patient Edition. En (SCID-I/P)

Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat
DH, Busa E, Seidman LJ, Goldstein J, Kennedy D, Caviness V,
Makris N, Rosen B, Dale AM (2004) Automatically parcellating
the human cerebral cortex. Cereb Cortex 14(1):11-22. https:/doi.
org/10.1093/cercor/bhg087

Fujino T, Lee W-CA, Nedivi E (2003) Regulation of cpgl5 by signal-
ing pathways that mediate synaptic plasticity. Mol Cell Neurosci
24(3):538-554. https://doi.org/10.1016/S1044-7431(03)00230-6

Glahn DC, Winkler AM, Kochunov P, Almasy L, Duggirala R, Car-
less MA, Curran JC, Olvera RL, Laird AR, Smith SM, Beckmann
CF, Fox PT, Blangero J (2010) Genetic control over the resting
brain. Proceedings of the National Academy of Sciences, 107(3),
1223-1228. https://doi.org/10.1073/pnas.0909969107

Grasby KL, Jahanshad N, Painter JN, Colodro-Conde L, Bralten
J, Hibar DP, Lind PA, Pizzagalli F, Ching CRK, McMahon
MAB, Shatokhina N, Zsembik LCP, Thomopoulos SI, Zhu
AH, Strike LT, Agartz I, Alhusaini S, Almeida MAA, Alnas D,
ENHANCING NEUROIMAGING GENETICS THROUGH
META-ANALYSIS CONSORTIUM (ENIGMA)—GENET-
ICS WORKING GROUP (2020) The genetic architecture of the
human cerebral cortex. Science 367(6484):eaay6690. https://doi.
org/10.1126/science.aay6690

Guardiola-Ripoll M, Almodévar-Paya C, Lubeiro A, Sotero A, Sal-
vador R, Fuentes-Claramonte P, Salgado-Pineda P, Papiol S,
Ortiz-Gil J, Gomar JJ, Guerrero-Pedraza A, Sarré S, Maristany T,
Molina V, Pomarol-Clotet E, Fatjo-Vilas M (2022) A functional
neuroimaging association study on the interplay between two
schizophrenia genome-wide associated genes (CACNAIC and
ZNF804A). Eur Arch Psychiatry Clin NeuroSci 272(7):1229
1239. https://do1.org/10.1007/s00406-022-01447-z

Gur RE, Cowell PE, Latshaw A, Turctsky BI, Grossman RI, Amold
SE, Bilker WB, Gur RC (2000) Reduced dorsal and Orbital Pre-
frontal Gray Matter Volumes in Schizophrenia. Arch Gen Psychi-
atry 57(8):761-768. https://doi.org/10.1001/archpsyc.57.8.761

Gurung R, Prata DP (2015) What is the impact of genome-wide sup-
ported risk variants for schizophrenia and bipolar disorder on
brain structure and function? A systematic review. Psychol Med
45(12):2461-2480. https://doi.org/10.1017/S0033291715000537

Hall J, Bray NJ (2022) Schizophrenia Genomics: convergence
on synaptic development, adult synaptic plasticity, or both?
Biol Psychiatry  91(8):709-717.  https://doi.org/10.1016/}.
biopsych.2021.10.018

Harwell C, Burbach B, Svoboda K, Nedivi E (2005) Regulation of
cpgl5 expression during single whisker experience in the Bar-
rel cortex of adult mice. J Neurobiol 65(1):85-96. https:/doi.
org/10.1002/neu.20176

Heilbronner U, Malzahn D, Strohmaier J, Maier S, Frank J, Treutlein
J, Miihleisen TW, Forstner AJ, Witt SH, Cichon S, Falkai P,
Nothen MM, Rietschel M, Schulze TG (2015) A common risk
variant in CACNAILC supports a sex-dependent effect on lon-
gitudinal functioning and functional recovery from cpisodes of
schizophrenia-spectrum but not bipolar disorder. Eur Neuro-
psychopharmacol 25(12):2262-2270. https://doi.org/10.1016/j.
euroneuro.2015.09.012

Hibar DP, Westlye LT, Doan NT, Jahanshad N, Cheung JW, Ching
CRK, Versace A, Bilderbeck AC, Uhlmann A, Mwangi B,
Kriimer B, Overs B, Hartberg CB, Abé C, Dima D, Grotegerd D,
Sprooten E, Boen E, Jimenez E, Andreassen OA (2018) Cortical
abnormalities in bipolar disorder: an MRI analysis of 6503 indi-
viduals from the ENIGMA bipolar disorder Working Group. Mol
Psychiatry 23(4) Article 4. https://doi.org/10.1038/mp.2017.73



Brain Structure and Function (2024) 229:1299-1315

1313

Hilker R, Helenius D, Fagerlund B, Skytthe A, Christensen K, Werge
TM, Nordentoft M, Glenthej B (2018) Heritability of Schizo-
phrenia and Schizophrenia Spectrum based on the nationwide
Danish twin Register. Biol Psychiatry 83(6):492-498. https://doi.
org/10.1016/j.biopsych.2017.08.017

Honea R, Crow TJ, Passingham D, Mackay CE (2005) Regional defi-
cits in Brain volume in Schizophrenia: a Meta-analysis of Voxel-
based Morphometry studies. Am J Psychiatry 162(12):2233-2245.
https://doi.org/10.1176/appi.ajp.162.12.2233

Jenkins MA, Christel CJ, Jiao Y, Abiria S, Kim KY, Usachev YM,
Obermair GJ, Colbran RJ, Lee A (2010) Ca2+-Dependent facili-
tation of Cav1.3 Ca2+ channels by Densin and Ca2+/Calmodu-
lin-Dependent protein kinase II. J Neurosci 30(15):5125-5135.
https://doi.org/10.1523/INEUROSC1.4367-09.2010

Ji'Y, Zhang X, Wang Z, Qin W, Liu H, Xue K, Tang J, Xu Q, Zhu D,
Liu F, Yu C (2021) Genes associated with gray matter volume
alterations in schizophrenia. Neurolmage 225:117526. https://
doi.org/10.1016/j.neuroimage.2020.117526

Kaldun JC, Sprecher SG (2019) Initiated by CREB: Resolving Gene
Regulatory Programs in Learning and Memory. BioEssays
41(8):1900045. https://doi.org/10.1002/bies.201900045

Kay SR, Fiszbein A, Opler LA (1987) The positive and negative
syndrome scale (PANSS) for Schizophrenia. Schizophr Bull
13(2):261-276. https://doi.org/10.1093/schbul/13.2.261

Kheirollahi M, Kazemi E, Ashouri S (2016) Brain-derived neurotrophic
factor gene Val66Met polymorphism and risk of Schizophrenia:
a Meta-analysis of case—control studies. Cell Mol Neurobiol
36(1):1-10. https://doi.org/10.1007/s10571-015-0229-z

Kirschner M, Shafiei G, Markello RD, Makowski C, Talpalaru A,
Hodzic-Santor B, Devenyi GA, Paquola C, Bernhardt BC, Lep-
age M, Chakravarty MM, Dagher A, Misi¢ B (2020) Latent
clinical-anatomical dimensions of Schizophrenia. Schizophr Bull
46(6):1426-1438. https://doi.org/10.1093/schbul/sbaa097

Koutsouleris N, Gaser C, Jiger M, Bottlender R, Frodl T, Holzinger
S, Schmitt GJE, Zetzsche T, Burgermeister B, Scheuerecker
J, Born C, Reiser M, Moller H-J, Meisenzahl EM (2008)
Structural correlates of psychopathological symptom dimen-
sions in schizophrenia: a voxel-based morphometric study.
NeuroImage 39(4):1600-1612. https://doi.org/10.1016/).
neuroimage.2007.10.029

Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of
the human orbitofrontal cortex: evidence from neuroimaging and
neuropsychology. Prog Neurobiol 72(5):341-372. https:/doi.
org/10.1016/j.pneurobio.2004.03.006

Lacerda ALT, Hardan AY, Yorbik O, Vemulapalli M, Prasad KM,
Keshavan MS (2007) Morphology of the orbitofrontal cortex in
first-episode schizophrenia: relationship with negative symptom-
atology. Prog Neuropsychopharmacol Biol Psychiatry 31(2):510—
516. https://doi.org/10.1016/j.pnpbp.2006.11.022

Legge SE, Cardno AG, Allardyce J, Dennison C, Hubbard L, Pardi-
fas AF, Richards A, Rees E, Di Florio A, Escott-Price V, Zam-
mit S, Holmans P, Owen MJ, O’Donovan MC, Walters JTR
(2021) Associations between Schizophrenia Polygenic liability,
Symptom dimensions, and cognitive ability in Schizophrenia.
JAMA Psychiatry 78(10):1143-1151. https://doi.org/10.1001/
Jjamapsychiatry.2021.1961

Liu Y, Wu X, Xia X, Yao J, Wang B (2020) The genome-wide sup-
ported CACNAI1C gene polymorphisms and the risk of schizo-
phrenia: an updated meta-analysis. BMC Med Genet 21(1):159.
https://doi.org/10.1186/s12881-020-01084-0

Lu J-M, Liu D-D, Li Z-Y, Ling C, Mei Y-A (2017) Neuritin cnhances
synaptic transmission in Medial Prefrontal Cortex in mice by
increasing CaV3.3 surface expression. Cereb Cortex 27(7):3842—
3855. https://doi.org/10.1093/cercor/bhx082

Mackay TF, Moore JH (2014) Why epistasis is important for tackling
complex human disease genetics. Genome Med 6(6):42. https://
doi.org/10.1186/gm561

Madre M, Canales-Rodriguez EJ, Fuentes-Claramonte P, Alonso-Lana
S, Salgado-Pineda P, Guerrero-Pedraza A, Moro N, Bosque C,
Gomar JJ, Ortiz-Gil J, Goikolea JM, Bonnin CM, Vieta E, Sarré
S, Maristany T, McKenna PJ, Salvador R, Pomarol-Clotet E
(2020) Structural abnormality in schizophrenia versus bipolar
disorder: a whole brain cortical thickness, surface area, volume
and gyrification analyses. Neurolmage: Clin 25:102131. https://
doi.org/10.1016/j.n1¢l.2019.102131

Ma H, Groth RD, Wheeler DG, Barrett CF, Tsien RW (2011) Exci-
tation—transcription coupling in sympathetic neurons and the
molecular mechanism of its initiation. Neurosci Res 70(1):2-8.
https://doi.org/10.1016/j.neures.2011.02.004

Meijer M, Keo A, van Leeuwen JMC, Dzyubachyk O, Meijer OC,
Vinkers CH, Mahfouz A (2021) Molecular characterisation of the
stress network in individuals at risk for schizophrenia. Neurobiol
Stress 14:100307. https://doi.org/10.1016/j.ynstr.2021.100307

Miranda GG, Rodrigue KM, Kennedy KM (2019) Fronto-pari-
etal cortical thickness mediates the effect of COMT Val-
158Met polymorphism on age-associated executive function.
Neurobiol ~Aging  73:104-114.  https://doi.org/10.1016/j.
neurobiolaging.2018.08.027

Naeve GS, Ramakrishnan M, Kramer R, Hevroni D, Citri Y, Theill
LE (1997) Neuritin: a gene induced by neural activity and neuro-
trophins that promotes neuritogenesis. Proc Natl Acad Sci USA
94(6):2648-2653

Nakamura M, Nestor PG, Levitt JJ, Cohen AS, Kawashima T, Shenton
ME, McCarley RW (2008) Orbitofrontal volume deficit in schizo-
phrenia and thought disorder. Brain 131(Pt 1):180-195. https://
doi.org/10.1093/brain/awm265

Nascimento JM, Martins-de-Souza D (2015) The proteome of
schizophrenia. Npj Schizophrenia 1(1). https://doi.org/10.1038/
npjschz.2014.3

Nedivi E, Fieldust S, Theill LE, Hevron D (1996) A sct of genes
expressed in response to light in the adult cerebral cortex
and regulated during development. Proc Natl Acad Sci USA
93(5):2048-2053

Ongiir D, Price JL (2000) The Organization of Networks within
the Orbital and Medial Prefrontal cortex of rats, monkeys and
humans. Cereb Cortex 10(3):206-219. https://doi.org/10.1093/
cercor/10.3.206

Ninan I, Bath KG, Dagar K, Perez-Castro R, Plummer MR, Lee FS,
Chao MV (2010) The BDNF Val66Met polymorphism impairs
NMDA receptor-dependent synaptic plasticity in the Hippo-
campus. J Neurosci 30(26):8866-8870. https://doi.org/10.1523/
JNEUROSCI.1405-10.2010

Notaras M, Hill R, van den Buuse M (2005) A role for the BDNF
gene Val66Met polymorphism in schizophrenia? A compre-
hensive review. Neurosci Biobehav Rev 51:15-30. https:/doi.
org/10.1016/j.neubiorev.2014.12.016

Numata S, Ueno S, Iga J, Yamauchi K, Hongwei S, Ohta K, Kinou-
chi S, Shibuya-Tayoshi S, Tayoshi S, Aono M, Kameoka N,
Sumitani S, Tomotake M, Kaneda Y, Taniguchi T, Ishimoto Y,
Ohmori T (2006) Brain-derived ncurotrophic factor (BDNF)
Val66Mect polymorphism in schizophrenia is associated with age
at onset and symptoms. Neurosci Lett 401(1):1-5. https:/doi.
org/10.1016/j.neulet.2006.02.054

Pardifnas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S, Car-
rera N, Legge SE, Bishop S, Cameron D, Hamshere ML, Han J,
Hubbard L, Lynham A, Mantripragada K, Rees E, MacCabe JH,
McCarroll SA, Baune BT, Breen G, Walters JTR (2018) Common
schizophrenia alleles are enriched in mutation-intolerant genes
and in regions under strong background selection. Nat Genet
50(3) Article 3. https://doi.org/10.1038/s41588-018-0059-2

@ Springer



1314

Brain Structure and Function (2024) 229:1299-1315

Pattwell SS, Bath KG, Perez-Castro R, Lee FS, Chao MV, Ninan |
(2012) The BDNF Val66Met polymorphism impairs synaptic
transmission and plasticity in the Infralimbic Medial Prefrontal
Cortex. J Neurosci 32(7):2410-2421. https://doi.org/10.1523/
JNEUROSCI1.5205-11.2012

Phillips PC (2008) Epistasis—the essential role of gene interactions in
the structure and evolution of genetic systems. Nat Rev Genet
9(11):855-867. https://doi.org/10.1038/nrg2452

Prats C, Arias B, Ortet G, Ibafez MI, Moya J, Pomarol-Clotet E,
Fafianas L, Fatjo-Vilas M (2017) Rolc of neurotrophins in depres-
sive symptoms and executive function: Association analysis of
NRNI1 gene and its interaction with BDNF gene in a non-clinical
sample. J Affect Disord 211:92-98. https://doi.org/10.1016/).
jad.2016.11.017

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender
D, Maller J, Sklar P, de Bakker PTW, Daly MJ, Sham PC (2007)
PLINK: a Tool Set for whole-genome Association and Popula-
tion-based linkage analyses. Am J Hum Genet 81(3):559-575

Rimol LM, Nesvig R, Hagler DJ, Bergmann @, Fennema-Notestine C,
Hartberg CB, Haukvik UK, Lange E, Pung CJ, Server A, Melle
I, Andreassen OA, Agartz I, Dale AM (2012) Cortical volume,
Surface Area, and thickness in Schizophrenia and Bipolar Dis-
order. Biol Psychiatry 71(6):552-560. https://doi.org/10.1016/j.
biopsych.2011.11.026

Roguev A, Bandyopadhyay S, Zofall M, Zhang K, Fischer T, Collins
SR, Qu H, Shales M, Park H-O, Hayles J, Hoe K-L, Kim D-U,
Ideker T, Grewal SI, Weissman JS, Krogan NJ (2008) Conserva-
tion and rewiring of functional modules revealed by an epistasis
map in fission yeast. Science 322(5900):405-410. https://doi.
org/10.1126/science. 1162609

Rolls ET (2004) The functions of the orbitofrontal cortex. Brain Cogn
55(1):11-29. https://doi.org/10.1016/S0278-2626(03)00277-X

Rosa A, Cuesta MJ, Fatjo-Vilas M, Peralta V, Zarzuela A, Fafianas L
(2006) The Val66Met polymorphism of the brain-derived neu-
rotrophic factor gene is associated with risk for psychosis: evi-
dence from a family-based association study. Am J Med Genet
Part B: Neuropsychiatric Genet 141B(2):135-138. https://doi.
org/10.1002/ajmg.b.30266

Sasi M, Vignoli B, Canossa M, Blum R (2017) Neurobiology of local
and intercellular BDNF signaling. Pfliigers Archiv - Eur J Physiol
469(5):593-610. https://doi.org/10.1007/s00424-017-1964-4

Sengupta SM, MacDonald K, Fathalli F, Yim A, Lepage M, Iyer S,
Malla A, Joober R (2017) Polygenic risk score associated with spe-
cific symptom dimensions in first-episode psychosis. Schizophr
Res 184:116-121. https://doi.org/10.1016/j.schres.2016.11.039

Striessnig J, Pinggera A, Kaur G, Bock G, Tuluc P (2014) L-type
Ca2+channels in heart and brain. Wiley Interdisciplinary
Reviews: Membrane Transp Signal 3(2):15-38. https://doi.
org/10.1002/wmts.102

Sudre G, Frederick J, Sharp W, Ishii-Takahashi A, Mangalmurti A,
Choudhury S, Shaw P (2020) Mapping associations between
polygenic risks for childhood neuropsychiatric disorders, symp-
toms of attention deficit hyperactivity disorder, cognition, and the
brain. Mol Psychiatry 25(10). https://doi.org/10.1038/s41380-
019-0350-3. Article 10

Sullivan PF, Kendler KS, Neale MC (2003) Schizophrenia as a
Complex Trait: evidence from a Meta-analysis of Twin stud-
ies. Arch Gen Psychiatry 60(12):1187. https://doi.org/10.1001/
archpsyc.60.12.1187

Teceldo D, Mendes A, Martins D, Fu C, Chaddock CA, Picchioni
MM, McDonald C, Kalidindi S, Murray R, Prata DP (2019) The
cffect of psychosis associated CACNA1C, and its cpistasis with
ZNF804A, on brain function. Genes Brain Behav 18(4):e12510.
https://doi.org/10.1111/gbb.12510

@ Springer

Tingley D, Yamamoto T, Hirose K, Keele L, Imai K (2014) Mediation:
R Package for Causal Mediation Analysis. J Stat Softw 59:1-38.
https://doi.org/10.18637/jss.v059.i105

Tongiorgi E (2008) Activity-dependent expression of brain-
derived neurotrophic factor in dendrites: facts and open ques-
tions. Neurosci Res 61(4):335-346. https://doi.org/10.1016/j.
neures.2008.04.013

Trubetskoy V, Pardifias AF, Qi T, Panagiotaropoulou G, Awasthi S,
Bigdeli TB, Bryois J, Chen C-Y, Dennison CA, Hall LS, Lam
M, Watanabe K, Frei O, Ge T, Harwood JC, Koopmans F, Mag-
nusson S, Richards AL, Sidorenko J, O’Donovan MC (2022)
Mapping genomic loci implicates genes and synaptic biology
in schizophrenia. Nature 604(7906) Article 7906. https:/doi.
org/10.1038/s41586-022-04434-5

van der Meer D, Kaufmann T (2022) Mapping the genctic architecture
of cortical morphology through neuroimaging: progress and per-
spectives. Translational Psychiatry 12(1). https://doi.org/10.1038/
s41398-022-02193-5. Article 1

van Erp TGM, Walton E, Hibar DP, Schmaal L, Jiang W, Glahn
DC, Pearlson GD, Yao N, Fukunaga M, Hashimoto R, Okada
N, Yamamori H, Bustillo JR, Clark VP, Agartz I, Mueller BA,
Cahn W, de Zwarte SMC, Pol HEH, Turner JA (2018) Cortical
brain abnormalities in 4474 individuals with Schizophrenia and
5098 control subjects via the Enhancing Neuro Imaging Genetics
through Meta Analysis (ENIGMA) Consortium. Biol Psychiatry
84(9):644-654. https://doi.org/10.1016/j.biopsych.2018.04.023

Velasquez E, Martins-de-Souza D, Velasquez I, Carneiro GRA,
Schmitt A, Falkai P, Domont GB, Nogueira FCS (2019) Quantita-
tive subcellular proteomics of the Orbitofrontal Cortex of Schizo-
phrenia Patients. J Proteome Res 18(12):4240-4253. https://doi.
org/10.1021/acs.jproteome.9b00398

Vul E, Harris C, Winkielman P, Pashler H (2009) Voodoo correlations
in social neuroscience. Perspect Psychol Sci 4(3):274-290

Wechsler D (1997) Wechsler Adult Intelligence Scale (3rd ed.)

Wibrand K, Messaoudi E, Havik B, Steenslid V, Lovlic R, Steen VM,
Bramham CR (2006) Identification of genes co-upregulated with
Arc during BDNF-induced long-term potentiation in adult rat
dentate gyrus in vivo. Eur J Neurosci 23(6):1501-1511. https://
doi.org/10.1111/1.1460-9568.2006.04687.x

Woo HJI, Yu C, Kumar K, Reifman J (2017) Large-scale interaction
effects reveal missing heritability in schizophrenia, bipolar dis-
order and posttraumatic stress disorder. Translational Psychiatry
7(4) Article 4. https://doi.org/10.1038/tp.2017.61

Xu Q, Xiong Y, Yuan C, Liu F, Zhao F, Shen J, Qin W, Yu C (2018)
ZNF804A rs1344706 interacts with COMT rs4680 to affect pre-
frontal volume in healthy adults. Brain Imaging Behav 12(1):13—
19. https://doi.org/10.1007/s11682-016-9671-x

Yao J-J, Gao X-F, Chow C-W, Zhan X-Q, Hu C-L, Mei Y-A (2012)
Neuritin activates insulin receptor pathway to Up-regulate Kv4.2-
mediated transient outward K+ current in rat cerebellar gran-
ule neurons *. J Biol Chem 287(49):41534-41545. https://doi.
org/10.1074/jbe. M 112.390260

Yao J, Zhao Q, Lu J, Mei Y (2018) Functions and the related signaling
pathways of the neurotrophic factor neuritin. Acta Pharmacol Sin
39(9):1414-1420. https://doi.org/10.1038/aps.2017.197

Zhai J, Yu Q, Chen M, Gao Y, Zhang Q, L1 J, Wang K, i F, Su Z, Li
W, Li X, Qiao J (2013) Association of the brain-derived neuro-
trophic factor gene G196A rs6265 polymorphisms and the cogni-
tive function and clinical symptoms of schizophrenia. Int J Clin
Exp Pathol 6(8):1617-1623

Zhao Q-R, Lu J-M, Li Z-Y, Mei Y-A (2018) Neuritin promotes neurite
and spine growth in rat cerebellar granule cells via L-type cal-
cium channel-mediated calcium influx. J Neurochem 147(1):40—
57. https://doi.org/10.1111/jnc.14535

Zhu D, Yin J, Liang C, Luo X, Lv D, Dai Z, Xiong S, FuJ, LiY, Lin
J, Lin Z, Wang Y, Ma G (2019) CACNAIC (rs1006737) may be



Brain Structure and Function (2024) 229:1299-1315

1315

a susceptibility gene for schizophrenia: an updated meta-analysis.
Brain Behav 9(6):¢01292. https://doi.org/10.1002/brb3.1292
Ozsoy ED, Yilmaz M, Patlar B, Emecen G, Durmaz E, Magwire
MM, Zhou S, Huang W, Anholt RRH, Mackay TFC (2021)
Epistasis for head morphology in Drosophila melanogas-
ter. G3: Genes|Genomes|Genetics, 11. 10jkab285. https:/doi.

org/10.1093/g3journal/jkab285

Authors and Affiliations

Zuk O, Hechter E, Sunyaev SR, Lander ES (2012) The mystery of
missing heritability: genetic interactions create phantom heri-
tability. Proc Natl Acad Sci 109(4):1193-1198. https:/doi.
org/10.1073/pnas. 1119675109

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Carmen Almodévar-Paya'® . Maria Guardiola-Ripoll""'® - Maria Giralt-Lépez*® . Maitane Oscoz-lrurozqui'® -
Erick Jorge Canales-Rodriguez'>” . Mercé Madre'® . Joan Soler-Vidal'>? - Nuria Ramiro'® - Luis F. Callado®'"'2 .
Barbara Arias?>*'3 . Carme Gallego'* - Edith Pomarol-Clotet' . Mar Fatjé-Vilas' 23

B Mar Fatjo-Vilas
mfatjo-vilas@fidmag.org
Carmen Almodoévar-Paya
calmodovar@fidmag.org

FIDMAG Germanes Hospitalaries Research Foundation,
Barcelona, Spain

%)

Departament de Biologia Evolutiva, Ecologia i Ciéncies
Ambientals, Facultat de Biologia, Universitat de Barcelona,
Barcelona, Spain

3 CIBERSAM (Biomedical Research Network in Mental
Health), Instituto de Salud Carlos ITI, Madrid, Spain

Department of Child and Adolescent Psychiatry, Germans
Trias i Pujol University Hospital (HUGTP), Barcelona, Spain

Department of Psychiatry and Legal Medicine, Faculty of
Medicine, Autonomous University of Barcelona (UAB),
Barcelona, Spain

6 Red de Salud Mental de Gipuzkoa, Osakidetza-Basque
Health Service, Gipuzkoa, Spain

Signal Processing Laboratory (LTS5), Ecole Polytechnique
Fédérale de Lausanne (EPFL), Lausanne, Switzerland

8 Mental Health, IR SANT PAU, Hospital de la Santa Creu i
Sant Pau, Universitat Autdonoma Barcelona, Barcelona, Spain

Hospital Benito Menni, Germanes Hospitalaries, Sant Boi de
Llobregat, Barcclona, Spain

Hospital San Rafael, Germanes Hospitalaries, Barcelona,
Spain

Department of Pharmacology, University of the Basque
Country (UPV/EHU), Bizkaia, Spain

BioBizkaia Health Research Institute, Bizkaia, Spain

Institut de Biomedicina de la Universitat de Barcelona
(IBUB), Barcelona, Spain

Department of Cells and Tissues, Molecular Biology Institute
of Barcelona (IBMB-CSIC), Barcelona, Spain

15 CIBERER (Biomedical Research Network in Rare Diseases),
Instituto de Salud Carlos III, Madrid, Spain

@ Springer



4. Publications

Section II: Brain NRNI genetic, epigenetic, and expression
correlates and the modulatory effect of antipsychotic treatment

79



Study 1

Clozapine-related brain VRN1 expression patterns are associated with
methylation and genetic variants in schizophrenia

Almodévar-Paya C, Moreno M, Guardiola-Ripoll M, Latorre-Guardia M, Morentin B,
Garcia-Ruiz B, Pomarol-Clotet E, Callado LF, Gallego C, Fatjo-Vilas M

Submitted for peer review in an indexed journal



CLOZAPINE-RELATED BRAIN NRN1 EXPRESSION PATTERNS ARE ASSOCIATED WITH
METHYLATION AND GENETIC VARIANTS IN SCHIZOPHRENIA

Carmen Almodoévar-Paya’?3#2  Marcos Moreno**, Maria Guardiola-Ripoll'®, Mariona Latorre-
Guardia'?, Benito Morentin®’, Beatriz Garcia-Ruiz'?%, Edith Pomarol-Clotet"2, Luis F. Callado 279,

Carme Gallego**, Mar Fatjo-Vilas"23%*2,

1. FIDMAG Germanes Hospitalaries Research Foundation, Barcelona, Spain.

2. CIBERSAM (Biomedical Research Network in Mental Health; Instituto de Salud Carlos II1),Spain.

3. Department of Evolutionary Biology, Ecology and Environmental Sciences, University of Barcelona (UB),
Barcelona, Spain.

4. Department of Cell and Tissues, Molecular Biology Institute of Barcelona (IBMB-CSIC), Barcelona, Spain.
5. CIBERER (Biomedical Research Network in Rare Diseases; Instituto de Salud Carlos Ill), Spain.

6. Section of Forensic Pathology, Basque Institute of Legal Medicine, Bilbao, Spain

7. BioBizkaia Health Research Institute, Bizkaia, Spain.

8. Institut d’Investigacié Sanitaria Pere Virgili (IISPV)-CERCA, Tarragona, Spain

9. Department of Pharmacology, University of the Basque Country (UPV/EHU), Bizkaia, Spain.

# Co-first authors: C AlImodévar-Paya and M Moreno
*+ Co-senior authors: C Gallego and M Fatjo-Vilas

a Corresponding authors: C Almoddvar-Paya (calmodovar@fidmag.org) and M Fatjo-Vilas (mfatjo-

vilas@fidmag.org)



ABSTRACT

The Neuritin-1 gene (NRNT), involved in neurodevelopment and synaptic plasticity, is associated with
schizophrenia (SZ) and related clinical, cognitive, and neuroimaging phenotypes. Additionally, it is one of the
most differentially methylated genes in the prefrontal cortex (PFC) in SZ and is responsive to neurotherapeutic
agents. We aimed to investigate NRN7's molecular mechanisms in SZ by analyzing its expression,
methylation, and genotypic profiles in PFC and hippocampus (HIPP) post-mortem samples from 30 control
(CTL) subjects and 20 individuals with SZ (10 treated with clozapine, SZ-Clz, and 10 without antipsychotic
drugs at death, SZ-ApFree). We compared the NRN1T mRNA expression between groups, measured by qPCR,
and methylation levels across three CpG islands, assessed through EpiTYPER. Sparse Partial Least Square
Discriminant Analysis identified key CpG units contributing to group differences. We then explored the
relationship between NRN71 methylation and expression, considering the influence of 11 polymorphisms
genotyped by gPCR. We found that SZ-Clz had lower NRNT mRNA levels in the PFC than SZ-ApFree and
CTL. SZ-Clz presented distinct methylation patterns across multiple CpG units in both brain regions compared
to CTL. In the PFC, the methylation of the CpG units differentiating SZ-Clz from CTL correlated to NRN1
expression, and the NRN7-rs12333117 and NRN1-rs2208870 polymorphisms influenced this effect. These
findings reveal distinct correlations between NRN1 epigenetic expression in SZ-Clz and CTL, shaped by
genotypic variability. They emphasize region-specific alterations in SZ and underscore the importance of

integrative approaches for a better understanding of the role of candidate genes in SZ etiology.

KEY WORDS

NRN1, schizophrenia, post-mortem brain tissue, methylation, expression, clozapine
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1. BACKGROUND

Despite schizophrenia (SZ) research progress, central pathophysiological mechanisms, molecular diagnostics,
or precise biomarkers persist unclear. SZ is widely acknowledged to have a high ~80% heritability (1,2), with
a complex polygenic architecture involving numerous genetic variants (3). Large-scale genome-wide
association studies (GWAS) have identified around 270 loci, many related to synaptic plasticity genes (4).
However, these variants incompletely explain total heritability, with most not directly affecting protein structure
but notably enriched for variants affecting DNA methylation, gene expression, and gene splicing in the human
brain during different developmental stages (5). Together, these findings suggest that both genetic factors and

epigenetic mechanisms regulating gene expression contribute to the developmental origins of SZ.

Among studies on epigenetic mechanisms, DNA methylation has been extensively researched, particularly in
promoter regions for transcriptional repression, but it also regulates gene expression in distal elements like
enhancers, exonic regions, and gene bodies, either inhibiting or activating expression based on genomic
context (6). In the brain, methylation plays a twofold role: during development, the balance between
methylation of germline-specific genes suppresses pluripotency, and demethylation of neuron-specific genes
is key to facilitate neuronal specialization; in the mature brain, methylation changes can be induced by neuronal

activity, contributing to complex cognitive processes such as learning and memory (7,8).

Methylation and gene expression studies in SZ, often performed utilizing prefrontal cortex (PFC) or
hippocampus (HIPP) tissues, have shown distinct methylation pattems in genes critical for neuron
development, synaptogenesis, and synaptic plasticity (9), as well as differential expression of genes related to
immune response and inflammation, mitochondrial energy metabolism, myeloid leukocyte activation,
cytoskeletal proteins, ion transport regulation, neurite outgrowth, and synaptic plasticity (10). Both types of
studies have also suggested that these differences may be region and even cell-specific, with distinct genes
implicated accordingly (11). Moreover, considering the impact of methylation on gene expression, numerous
studies have correlated promoter hypomethylation of genes related to dopaminergic (DRD2, DRD3, COMT),
GABAergic (GAD1), serotonergic (HTR2A), oligodendrocyte (SOX70), and synaptic plasticity (RELN)

pathways in brain samples from patients with SZ with increased gene expression (12-15).

The above-mentioned studies collectively indicate that exploring methylation's influence on expression in
genes involved in brain development and synaptic plasticity might be key to understanding the biological
underpinnings of SZ. The Neuritin1 gene (NRN1) exemplifies this, as it supports neuronal progenitors and
differentiated neurons during early development (16), promotes the growth and stabilization of axonal and

dendritic arbors, and facilitates synapse maturation in later development (17), while it also participates in adult
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brain synaptic plasticity, particularly in the PFC and the HIPP (18,19). Although NRN17 has received less
attention than traditional GWAS candidate genes, its chromosomal region is linked to an SZ subtype marked
by cognitive deficits (20) and genetic association studies have related NRN17 variants to the risk for SZ,
cognitive deficits, early onset, and changes in brain structure and function (21-24). Additionally, two studies
comparing patients with SZ to control subjects (CTL) have pinpointed NRN1, firstly, as one of the most
differentially methylated genes in the PFC in SZ, and secondly, as one of the differentially expressed genes
significantly contributing to patient differentiation according to transcriptomic clustering (25,26). Also, various
cellular and animal models have shown that NRN7 expression changes directly impact brain function and that
antipsychotic treatments can induce such changes. In animal models, increased Nnr1 expression has been
linked to better cognitive performance (27), improved recovery after ischemia-reperfusion injury (28), and
protective effects in traumatic brain injury (29). Similarly, Nrn1 expression responds to neurotherapeutic agents
like electroconvulsive therapy and fluoxetine through epigenetic pathways involving histone deacetylation
(30,31). These findings suggest that modulating the NRN1 expression could improve SZ symptoms and

highlight its potential as a therapeutic target.

Among individuals with SZ undergoing antipsychotic therapy, special attention is given to those with a
treatment-resistant profile, which affects about one-third of cases and significantly lowers their quality of life
(32). Clozapine, the first atypical antipsychotic, has shown effectiveness in this group (33). It binds to various
receptors (34), including dopamine, serotonin, histamine, muscarinic, and adrenergic receptors. Although the
exact molecular pathways critical to its effectiveness are unclear, animal studies suggest that clozapine
improves behavioral outcomes by modulating genes related to cholesterol metabolism, GABAergic function,
cell cycle control, neurotrophins, and synaptic plasticity through reducing methylation or producing histone
modifications (35). Meanwhile, human studies are constrained by limited access to post-mortem brain samples
and the infrequent use of this treatment among patients. One study using publicly available SZ transcriptomic
data found that three genes (GCLM, ZNF652, GYPC) and four pathways involved in protein trafficking,
neuronal migration, brain development, and synaptic function were consistently differentially expressed in

clozapine-treated patients compared to those on other medications (36).

Overall, current data highlights the role of genetic variability and gene expression regulatory mechanisms,
such as methylation, in developmental abnormalities and the brain's response to stimuli, contributing to SZ
pathophysiology. Antipsychotics seem to modulate these epigenetic marks, suggesting new therapeutic

targets. Therefore, this study aimed to investigate expression, methylation, and genotype variability of NRN1,
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a synaptic plasticity gene linked to SZ and sensitive to neurotherapeutic agents, in post-mortem PFC and HIPP

samples from CTL and patients, considering antipsychotic treatment as a key factor.

2. METHODS

2.1. Post-mortem human brain samples description

Human post-mortem brain samples were collected at the Basque Institute of Legal Medicine (Bilbao, Spain),
following research and ethics committee guidelines (Law 14/2007 and RD 1716/2011). It comprised 50
subjects, 20 with an ante-mortem diagnosis of SZ and 30 CTL. The diagnosis was performed by a qualified
psychiatrist according to DSM-IV or ICD-10 criteria, as recorded in subjects’ medical records. Control subjects
had no evidence of any psychiatric disorder in their medical records. Exclusion criteria for both groups included
neurological conditions and substance abuse. Post-mortem brain samples from the dorsolateral PFC
(Brodmann’s area 9) and the HIPP, excluding white matter, were dissected at the time of autopsy and
immediately stored at —-80°C until posterior analyses. Blood samples of those subjects were used for
toxicological screening for antidepressants, antipsychotics, psychotropic drugs, and ethanol performed at the
National Institute of Toxicology (Madrid, Spain). For CTL, selection ensured the absence of antidepressants
or antipsychotic drugs at the time of death. Finally, both groups were selected to be matched by sex, age, and
post-mortem interval (PMI), referring to the time elapsed between the death and the autopsy. Subjects with
SZ were subsequently divided according to the presence of clozapine (SZ-Clz) or the absence of antipsychotic
medication (SZ-ApFree) in the blood at the time of death. The summary of demographics and sample quality

is shown in Table 1 (see Table S1 for individual details).
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Table 1. Sample characteristics of control subjects (CTL) and individuals diagnosed with schizophrenia (SZ),
categorized based on the presence of clozapine (SZ-Clz) or absence of antipsychotic medication (SZ-ApFree) in the
blood at the time of death. Demographic information includes sex with female / male (F/M) count and frequency (%) for
female category, age (in years), and cause of death. Assessment of post-mortem sample quality encompasses pH and
post-mortem interval (PMI, in hours). All the quantitative variables are expressed as mean (standard deviation), while all
the qualitative variables are presented as count (percentage). N=natural, O=others (including accidents and homicides),
S=suicide.

CTL (n=30) SZ-ApFree (n=10)  SZ-Clz (n=10) x2/U  p-value
Sex (F/M) 10 (33.3%) / 20 3(30.0%)/7 4 (40.0%) /6 0.238 0.888
Age 44.03 (12.10) 46.20 (10.14) 48 (14.90) 0.804 0.658

Death cause (N/O/S)@ 11 (37%) /19 (63%) /0 5 (50%)/3 (30%)/2 4 (40%)/1(10%)/5 2.397 0.302

PMI 14.13 (6.695) 16.00 (4.81) 19.20 (4.13) 5.589 0.061

pH 6.37 (0.35) 6.44 (0.28) 6.38 (0.29) 0.920 0.631

2 This analysis compares SZ-Free with SZ-Clz, as CTL did not die by suicide according to the inclusion criteria.

b Data for pH was available for 27 CTL, 9 SZ-Clz and 6 SZ-ApFree.

2.2. Expression analyses

Total RNA was extracted using the NucleoSpin RNA Plus Kit (Cultek). RNA integrity and purity were analyzed
by agarose gel electrophoresis and spectrophotometry using a NanoDrop. Reverse transcription reaction was
performed with a maximum of 1ug of RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche) with
random hexamer oligonucleotides. For quantitative PCR (qPCR) quantification, 1L of the reverse transcription
reaction was added to the gPCR reaction using JumpStart Taq ReadyMix for quantitative PCR (Sigma). gPCR
reaction was preceded with an initial denaturation step at 94°C for 5 minutes followed by 45 cycles of:
denaturation at 94°C for 15s, annealing at 51°C for 20s, and extension at 72°C for 30s. The fluorescent signal
resulting from the degradation of the TagMan probe (6xFAM/Black Hole Quencher1) was read at the end of

the amplification phase. The primer sequences and probes are described in Table S2.

2.3. DNA extraction
Genomic DNA was extracted from post-mortem brain samples using the Quick-DNA Miniprep Plus Kit (Zymo

Research) and used for methylation and genotyping analyses.

2.4. Methylation
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Methylation analyses targeted the CpGs along the three CpG islands (CGIl) spanning the NRN1 gene (CGI1
chr6:5998917-5999730, CGI2 chr6:6002288-6004772 and CGI3 chr6:6006457-6006810, reference genome
UCSC-GRC38/hg38). Samples were analyzed using the EpiTYPER method (Agena Bioscience) at the Centro
Nacional de Genotipado (CEGEN, http://usc.es/cegen/). This method examines CpG sites within amplicons
ranging from 200 to 600 base pairs, being especially well-suited for extensive endeavors aimed at investigating
specific regions. In our case, six amplicons were designed using Agena’s EpiDesigner software to amplify

these regions of interest (Table S3).

The methylation values can range between 0 and 1, being 0 the value corresponding to a 0% methylation state
and 1 the value associated with a 100% methylated state. If CpG sites are too close together, their methylation
levels cannot be determined independently, so the methylation status of a fragment containing multiple sites
is measured, reflecting the average methylation of all CpG sites within that fragment. Accordingly, we will refer
to CpG units, which can comprise one or more CpG sites. Each CpG unit was denoted numerically based on

its 5’ to 3’ genomic position on the forward strand sequence.

The methylation quality control protocol implemented by CEGEN involved excluding units deviating by over
10% from the established commercial controls (HMc, 100% methylated, and LMc, 0% methylated), as well as
excluding the samples with standard deviation variances between replicas exceeding 10%. Additionally, we
eliminated units and subjects with more than 35% missing values and replaced outlier methylation values with
the maximum for z-scores 2 3 and the minimum for z-scores < -3. In all, we have analyzed 63 CpG units for
the PFC and 57 CpG units for the HIPP along three CGls within the NRN1 region (see the details in Figure 1

and Table S4).

2.5. Genotyping

We genotyped eleven SNPs at the NRN7 gene (6p25.1) at the National Genotyping Center (CEGEN,
http://usc.es/cegen/) that were chosen to cover the genomic sequence and approximately 10 kb upstream and
downstream. The optimal set of SNPs, which contained the maximum information about surrounding variants,
was selected using the SYSNPs tool (http://www.sysnps.org/) with a minor allele frequency (MAF)> 5%,
utilizing the pairwise tagging option (r> = 0.8). Additionally, we included SNPs previously associated with SZ in
the study by Chandler et al. (2010). All these SNPs have also been genotyped in other studies conducted by
our group (21,21,23,37). The genotyping call rate was 100%, with minor allele frequencies closely matching
those of the EUR population in the 1000 Genomes Project (Table 2). Genotype frequencies for both groups

were in Hardy-Weinberg equilibrium (PLINK v.1.09, (38)).
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CGI2 (chr6:6002288-6004772)

ATCTTCCTCTCGATTTCCGGGAGCAT
GGAGTGAGTGTIGGGTGGGLGLGLG
GGGGGAGCTGGCCCCACGCTCAGAA
GGAAAGCCAGGTCGCTAAAGCTGCC
GAGAGAGACACCAGGAGCACCGGG
AACGCCGGGAGCAGGGACCCCGLC
GCCCCGTTGCCGCTGCCGCAGAGTT
CGAATAAGCTGCCTTGGATGTTGAG
GTTTTTGGATTCTTTTCTCAGTTTATC
CCACATATCTTTCGCCCCTTCCTGGC
AATCCGTAAGGGCTGTGACCGTGCA
GCTGTGGAAATCCTCCCAGTATCTGG
TGAGGAACAGAACAAAACAGAACAA
GCAGGTTCACTTGGGACGCCGGGAA
CACCCCGGGCTTGCGCCCCTGCGCCT
CCCCGCTGGLGGCCCCGCCAACTTCC
CGGGGTGTCCCCTCCCTACCTTCTCT
TCACCGCCCTGGCGCCTGLCCTGLG
CGAGGTCGGGACTCGCGGGACCTCC
GCCTACCCCAGAAGCGGCTIGTCTAA
AGCGGGGGTEEGGGGGCECCCCCT
CCTGTCTGGTTTTCCCTTCCAGTTGCC
GGGAGAGGACTAGGCAGCLGGGAG
CCGGGCCGTGCACCCGCIGTGGLGL
GCTGGCACCTCGGCCTCCGCAAACA
GATTGCTCGCCCTCCTCGGGGAAAG
CTAGGAAAACAGTGCTAAGCCTCGC
AAGCTGCCGCCCATTAATGCCTCTTA
GCTTGCAAGATGGGTTACTAGCTCT
GAGCACGGCCCTCCCCTCEGGGCTT
CTTACATTCTCCTCCCCCTCGCCCCTT
CTGTCTCCCTCCTTCTCCACGLLGCG
GTACTCTCGCCTTCG

CGGCACTCTCCGACCTCAGTAGCGCCCCCAAAACCGAAGTCCAGCCGGCCAGAGAGGACACTT
ACGTGCACACGGTCTTGATGTTCGTCTTGTCGTCCAGGCCCTGCGGGTAGTIGGCCATGCIGTC
GCCCAGCTTGAGCAAACAG TCCGAAAAGCCCTTGAAGACCGCATCGCACTTGCCCGCTGCTCTC
ACGGCCTGCACCAGATACGCTGCGGGGAGGAGGGAACACCGGTCAGCAGCGCCACGACCCCG
CCCTGCCGCCCACTGLCCTTTCCTGCGAGACCCTGGLTCCGCGCGGCCTCATCGCATCGGGLGG
CCTCTCCCAGCGCCCAGCCTCGGGGCTCGCCAGTGTTAAAGGTGAATGAAAGACGTGACCCAG
GAATGCCCGACCTGCAGCTAACGCTGCGTCTAGTGCAAATTGTCGGTGTGTGAGCAGGTGTGG
GIGGGTGGGAGGTAGGTGAGTCCATTICCITTCCTCCAGCTCCCTCCCGCATCTCGCTCCGTATC
TTITTTCTGTTTCCATCGCCCCCTCTTCTCACCTCCCTCATCCCTTTTATITCTCTITCTCCTCGCTCC
CTCCTTCGTCTCCCAACACTTCCCCAGCAAGCCCTGTCACAGCTCTCGCAATGCGATCTTCCATT
TTGAGGTGACAGAAGGGGICTCGGCTGCAGLGTGCGGGEGCGAGAACGGGGTGGGGAGACG
ACAGGGCGTGGGGTCACGCAGCTGAACCCAACGCCACATCACGAGAATAAGCCTCAGGCTTG
GCGCTCTGTCCTTGGTGGGCGCTCAGCAAACACTGCTGAATGAATGAACGAATATAGTCCCTG
GAAGCCACCAGCAGTTACCGAAATGGATTGTTTCATTATAAAACCGATTGCCTACCGTGGACTC
TGTATTCCGAGTGAGACCCTCGGATGCACCCTCTCCCGCCCCGCTGGAAAGAGGG CAGLCTGG
ACGTCCTGAGACCTGGCGCGGATGATGAGTGGTCTGGAGAGGAGAAGGCCAGAGG CCGGGC
GGGGTCACGGATGAGTCTGCCTGGGTCACCTCCGCAAAGGCCAAATCCACGAACCTCGGGCCT
CTTTCTCTCCTCCTCCCCTGTCCGCCACTCGGCTCCCCAGACACCCTTAACAACCCACCCGCCCG
CCAAAAAGCCCGCCTACACTCCGGACGGCAGCGGGGAGAGGCTGTTCTTCTCCAGGTGCCAGC
CCTGCTGCTGAAAGTGAGCTCGCCGEGGLCCGGGGCTCCIGGCCCCAGCTCAGGACTCCCTGC
AGAGAGCAGGCAGGGATAAAAGCTGAGLGGC ACACAG
GCCGCACGAAGGTCCAAG CCCCAAGCCCCCAAGCCCCCGGCCTCTGGACGGCCAAACCCCGAG
GCGCGEGACTGGAAGGACAGGTACCAGGLTGLGGGLGLGLGGCTGTGGCCATCTCTTTCCGC
CCTGAGGCCGACGAACCCGGLTGGAAGCTGAGTGCCTAGCGGCCCAAAGCAGCLCGGGLGCC
GGGAGGGCGCCAGAGAAGCACAGCGTTAGGGLGGGGAAGAAAGGGTGAATCTCAGAATCGA
AATCCGCACTGGCGCCCACGACCCTGGGCGCCGGCCTGGTCCTCGGCAGCTTTCTGGCGGCTG
CGCTTGTGTGTGAATGTGTCCCGGGAGGACCGGACACCTCAATCCCCCGGCCCCCAACGLGGG
CGCCTGTCCGLGAGCGCCGGGCCAGACGCCGAAGAGGAAGGTGACCGAACCCGTAGCAGCTT
CCGAGAGCGTACCCGTTTGCAAATTGCTGCAGGAAGAGCGAGGCGGGCCTTGCGCTTTTTAAT
CCGGAACGGGAAGCACTGGGGAAGGGACCGAGGTTAACTTCGACCTCCGCTGGGGCAGATAC
GTAAACCTTCTCAAACCTCCGAGTTCACCTTACAGCGAACATTAAATACCCTTGCGACTACAATA
CTAACAAATCGAACACTGACGTAAAATCTTAAGAATAAACGAATCTTTGTTCTGATAGAGCTCG
TTCAAAATGGAAATACACTCCACACATCTTCCTCTATAACGCATGTCACAAATACAGCT TTGCAG
AGAAGAAACGAAATAAAATAAAGTCCAATCTCCCCGTCCACGTCTCTCCCCACCCCTTGCCTAC
ACCCCCAAAACTCAGTGGCGAAAGAAGCCCCTAAAATGCATTGACATTTTTTAAGGGGAATTG
GGGCICGCCGEEEGEEGGAGCGCICTIGTICACGTTATCTICCCAGGCGCTGCTGGAGAAGACC
CTGCACACCGCGCATGTGTGAGTGTGTGCTGTGTAAAATAAGTCGTGAACATTTCTGTCTTTTA
AAACTGTGACTCCTTGGACTCTAGCCTTCTCTGGGAGGCCGGGAGGCTGCGCGCGGGACGGAT
THTGCAGGCGCACGCGICCCAGCAGGTCGCAGLCCGTGGGTCCCTCGCTGTCCTTCCTGAACCC
CGCTTAGGCGAGACTCTAGCG

CGI3 (chr6:6006457-6006810)
CGTGTCCAGAAAATGTCCGGCCGCA
CACATTTCCTGGCGAACATTTGGAAT
CTATAGCTTTAGGAAAAACCGATCTG
GGACGCGCTAGTCCCCAGGAACTGA
TGCCCCCACCCTCGGGGGATTGCCG
GCTTCTCCGCACCCTGGGGEGGLCG
CGGACCCGCTAGTCCCCCTCCGLGCC
TCGGGCCEGGEGCAGGCTGCCTCCCG
CCTCCAGCCTCCAGCCGGGCTGAGT
GGCCACTTACCTATTTGCACCGCGAG
GATCAGTGAAATATATCTGCCGTTCA
ACTTAAGTCCCATCCTACGTTTAGTC
AAACCATTTGCGACCGCAGACCTTTA
AATAGTTAGTTTAGAGAACGCG

151475157
|

125 Figure 1. Schematic representation of the NRN7 gene (NCBI36/hg18) with exonic (in black) and CpG island (CGl, in blue)
126 regions, as well as single nucleotide polymorphisms (SNPs) included in the study according to the human genome browser
127 (http://genome.ucsc.edu). Positions of the analyzed CpG sites in the DNA sequence are indicated below (in bold blue).
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Table 2. Information regarding NRN7 SNPs included in this study. The table contains the dbSNP number, chromosome
location (Chr Pos), alleles, and minor allele frequency (MAF) for each SNP based on the UCSC Genome Browser on Human
(GRCh38/hg38). Additionally, MAF and genotypic count and frequency (%) are listed separately for control subjects (CTL)
and subjects with schizophrenia (SZ), categorized based on the presence of clozapine (SZ-Clz) or absence of antipsychotic
medication (SZ-ApFree) in the blood at the time of death. Due to low frequency in some genotypes, frequencies shown and
subsequent analyses were conducted with all SNPs dichotomized (homozygous and heterozygous for the minor allele versus
homozygous for the major allele).

dbSNP Chr Pos Allele  MAFi0006  MAFsampie CTL freq SZ-ApFree (n=10)  SZ-Clz (n=10)
rs2208870  6:5992257 G/A  0.34 0.33 16 (53.3%) /14 4 (40.0%)/6 6 (60.0%) / 4
rs12333117  6:5994759 T/C  0.40 0.41 16 (53.3%) /14 8 (80.0%)/2 8 (80.0%) / 2
rs582186  6:6001148 A/G  0.38 0.43 20 (66.7%) /10 6 (60.0%)/4 6 (60.0%) / 4
rs645649  6:6004726 C/G  0.36 0.34 18 (60.0%) /12 5 (50.0%) /5 5 (50.0%) / 5
rs582262  6:6007758 C/G  0.30 0.32 18 (60.0%) /12 6 (60.0%) /4 4 (40.0%) /6
rs3763180  6:6009615 T/G  0.46 0.48 22(733%)/8  7(70.0%)/3 7 (70.0%) /3
rs10484320 6:6010204 T/C  0.22 0.20 10 (33.3%) /20 2 (20.0%)/8 2(20.0%) /8
rs4960155  6:6010306 C/T  0.49 0.52 22(733%)/8  8(80.0%)/2 8(80.0%) / 2
rs9379002  6:6012158 G/T  0.29 0.28 14 (46.7%) /16 7 (70.0%)/3 5(50.0%) / 5
rs9405890 66012488 C/T  0.31 0.26 12 (40.0%) /18 3 (30.0%)/7 4 (40.0%) / 6
rs1475157  6:6016936 G/A  0.17 0.19 10 (33.3%) /20 5 (50.0%)/5 3(30.0%) /7

2.4. Statistical analysis

2.4.1. Sample characteristics

For mean comparisons between cases and controls concerning sociodemographic and clinical characteristics

as well as biological quality of the sample, Wilcoxon Rank Sum Test (for quantitative variables) and chi-square

tests (for qualitative variables) were used.

2.4.2. Expression analyses

Gene expression levels were determined with Delta Ct method (39), relativizing each gene expression to

GAPDH levels. For the analysis, confounding variables (sex, age, death cause, PMI, and pH) were regressed

from gene expression. Subsequently, a multifactorial ANOVA analysis was conducted followed by Tukey's
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honest significance test, used for multiple comparisons of means between groups (CTL, SZ-ApFree and SZ-

Clz).

2.4.3. Methylation analyses

For methylation analyses, we assembled a subset consisting of 10 individuals each from the CTL, SZ-Clz, and
SZ-ApFree groups, ensuring no significant differences with the initial sample in either demographic factors or
post-mortem sample quality, as well as in NRN1 expression across both regions (Table S4 and Figure S1).
Prior to analyzing methylation data, the confounding variables (sex, age, illness duration, and clozapine

dosage) were regressed from each predictor methylation variable (CpG units).

To overcome the high intercorrelations among CpG units and the resulting multicollinearity (Table S5), we
employed sparse Partial Least Squares-Discriminant Analysis (sPLS-DA), a method that simultaneously
performs dimensionality reduction, feature selection, and classification to examine methylation differences
between groups. Similar techniques, such as Principal Component Analysis (PCA), have been used in
methylation studies to reduce high-dimensional genomic or locus-specific data into principal components that
capture overall variance among CpG units in an unsupervised manner (40,41). In contrast, SPLS-DA is a
supervised method that identifies latent components (LCs) by maximizing the covariance between the most
relevant CpG units and group labels, enabling the discovery of methylation patterns associated with specific

groups and enhancing the clinical significance of the findings.

All the analyses were based on the mixOmics protocol as implemented in the R package (42). To address the
challenge posed by the small sample size in our study, we applied Leave-One-Out Cross-Validation (LOOCV)
at multiple stages of the modelling process to calculate classification error. LOOCYV is particularly well-suited
to small datasets as it maximizes each data point’s use by treating each individual sample as a test set once,
while training the model on the remaining data. First, LOOCV was used to determine the optimal number of
LCs by evaluating the classification error across different component configurations. To further optimize the
model, we applied the LASSO penalty in combination with LOOCYV to select the most relevant CpG units. After
determining the optimal number of LCs and CpG units, we used LOOCYV to evaluate the performance of the
final sPLS-DA model. We interpreted each CpG unit within an LC in two main ways: first, through its coefficient
or loading value, which indicates its importance in distinguishing between groups, and second, by assessing
the contribution of the CpG, which identifies the group that shows higher methylation values. Additionally, to
validate the reproducibility of the CpG signature captured by the LCs, we performed a feature stability analysis,

which assessed how frequently each CpG site was selected across multiple iterations of the model.
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We selected the most informative LC using two criteria: i) first, following the sPLS-DA methodology, where the
first component captures the maximum covariance between features and the outcome, which we further
validated by comparing LC scores between groups using the Mann-Whitney U test; and ii) second, based on
the stability of CpG units within each LC, as subsequent analyses focused on examining methylation patterns

defined by these CpG units.

To further characterize the CpG signature captured by the LCs and find methylation patterns, following other
studies with similar approaches (43,44), we computed two means: one grouping CpG units showing greater
methylation in the SZ group (referred as “positive mean”); and another grouping CpG units with lower
methylation in the SZ group (referred as “negative mean”). To validate the robustness of these patterns and
ensure that the observed differences were not merely the result of a data-driven process, we also utilized the

Mann-Whitney U test to statistically compare these means between the two groups.

2.4.4. Expression-methylation correlates

We conducted four linear regression analyses using the expression residuals of the HIPP or the PFC as
described in section 2.4.2 Expression Analyses. For each brain region, we tested two models: one with overall
methylation variation (LC1) as the predictor and another with positive and negative mean methylation values

as predictors.

2.4.5. Genotypic analyses

We conducted four stepwise regression analyses using the expression residuals of the HIPP or the PFC as
described in section 2.4.2 Expression Analyses. For each brain region, we tested two models: one with overall
methylation variation (LC1) with 11 NRN1 genetic variants (SNPs) as the predictors and another with positive

and negative mean methylation values with 11 NRN1 genetic variants (SNPs) as predictors.

3. RESULTS

3.1. Sample description.
There were no differences in sociodemographic nor in the quality of the biological sample between groups, as

they were matched for sex, age and PMI as shown in Table 1.

3.2. NRN1 mRNA expression differences between groups.
We found group differences in the PFC (F=10.160 and p=0.002) but not in the HIPP (F=2.576 and p=0.088).

Tukey's post-hoc analysis showed that SZ-Clz had significantly reduced NRN7 mRNA expression levels in the
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PFC compared to CTL (A-means=-7.10 and p-adj=0.007) and SZ-ApFree (A-means=-8.85 and p-adj=0.005)

(Figure 2).
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Figure 2. Boxplots representing NRN1 expression levels + 2 standard errors (SE) depicted according to the group, control
subjects (CTL), schizophrenia patients (SZ) categorized based on the presence of clozapine (SZ-Clz) or absence of
antipsychotic medication (SZ-ApFree) in the blood at the time of death, for both brain regions: A) Prefrontal cortex (n=27,
9, and 9 respectively), and B) hippocampus (n=26, 9, and 10 respectively). The NRN1 expression was relativized to
GAPDH, and the values expressed are the residuals (adjusted by sex, age, post-mortem interval (PMI), death cause (DC)
and pH). Adjusted p-values from Tukey’s test are represented as * p<0.05, ** p<0.01, *** p<0.001.

To validate the findings concerning NRN1 expression we also analyzed the expression of two other synapse-
related genes well described to be sensitive to clozapine treatment, UMHK1 and BDNF (45). Like NRN1,
significant group differences emerged within the PFC for both UMHK1 (F=5.73, p=0.006) and BDNF (F=8.993,
p<0.001), while not in the HIPP. Tukey’s post-hoc analysis revealed that clozapine treatment was markedly
associated with a decrease of UMHK 1 mRNA expression levels in the PFC compared to both CTL (A-means=-
2.589, p-adj=0.032) and SZ-ApFree (A-means=-3.968, p-adj=0.005), while BDNF expression levels were

notably higher compared to CTL (A-means=1.307, p-adj < 0.001) (Figure S2).

3.3. NRN1 methylation differences between groups

Initially, our analysis encompassed all three groups, but we observed a limited ability to identify a specific linear
combination of CpG units from either the PFC or the HIPP that could effectively differentiate between the three
groups (balanced error for the model incorporating CpG units from the PFC=0.74 and from the HIPP=0.66).
Furthermore, upon projecting the samples into the two LC spaces determined by the respective models, we
observed a significant overlap between CTL and SZ-ApFree, but a clear distinction of SZ-Clz in both regions

(Figure S3 and Figure S4).
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Subsequently, we generated two separate models for each region, focusing on the CTL and SZ-Clz groups.
In the PFC, three LCs explained 12%, 17%, and 10% of the methylation variance, respectively, effectively
distinguishing the groups (balanced error=0.28) (Figure 3A). Similarly, in the HIPP, two LCs explained 34%
and 22% of the variance, achieving the same level of separation (balanced error=0.28) (Figure 3C). Due to
the sPLS-DA methodology, LC1 was the most influential in differentiating the groups in both regions. This was
further confirmed by significant differences observed in PFC-LC1 (W=76, p<0.001) and HIPP-LC1 (W=71,
p=0.005), while the other LCs did not reach statistical significance, neither in the PFC (LC2: W=62, p=0.06;
LC3: W=51, p=0.38; Figure 3B) nor in the HIPP (LC2: W=61, p=0.08; Figure 3D). Additionally, PFC-LC1 and
HIPP-LC1 exhibited greater feature stability, with at least 88% of CpG units showing high stability (>85%),
compared to less than 50% in the other LCs (Table S6). Accordingly, subsequent analyses of methylation

patterns among the CpG units focused on LC1 in both regions.
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Figure 3. A and C) Scatter plot illustrating the distribution of samples projected into the space defined by the first two
components derived from sparse Partial Least Square Discriminant Analysis (sPLS-DA) using NRN71 methylation values
from the hippocampus (HIPP). Each sample class is enclosed within 95% confidence ellipses. B and D) Boxplots
representing methylation scores for the first and second latent components (LC) +2 standard errors (SE) depicted
according to the group. Control subjects (CTL) are depicted in purple while schizophrenia patients treated with clozapine
(SZ-Clz) are shown in blue. * p<0.05, ** p<0.01, *** p<0.001.

In both brain regions, LC1 included 10 CpG units with varying importance in distinguishing between classes.
CpG units with positive weights, represented by red bars, exhibited higher methylation levels in SZ-Clz subjects
compared to CTL, while those with negative weights, shown in green, exhibited lower methylation levels in SZ-
Clz subjects (Figure 4A and C). In both regions, the mean of the CpG units in LC1 with reduced methylation
in SZ-Clz subjects compared to CTL significantly differed between groups ("PFC negative average": CpG3.8,
CpG2.5, CpG1.20, CpG2.6, CpG1.3, and CpG2.28, W=69, p=0.01; "HIPP negative average": CpG2.1,
CpG2.2, CpG2.3, CpG2.5, and CpG3.3, W=70, p=0.008), suggesting that the observed differences are not
merely data-driven artifacts. In contrast, the mean of the CpG units in LC1 with higher methylation in SZ-Clz
subjects compared to CTL did not show significant differences in either region ("PFC positive average":
CpG3.12, CpG1.2, CpG1.1, and CpG1.16, W=18, p=0.05, Figure 4B; "HIPP positive average": CpG1.19,

CpG3.1, CpG3.4, CpG2.21, and CpG1.20, W=31, p=0.44, Figure 4D).
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Figure 4. A and C) Bar plots illustrating the loading weights for each CpG unit in component 1. Red bars indicate higher
methylation in patients with schizophrenia (SZ) treated with clozapine (SZ-Clz), while green bars represent lower
methylation in SZ-Clz compared to control subjects (CTL). B and D) Boxplots representing the mean methylation values,
computed based on whether the CpGs exhibited higher (positive mean) or lower (negative mean) methylation levels in SZ-
Clz compared to CTL, +2 standard errors (SE) depicted according to the group. SZ-Clz are shown in blue and CTL in
purple. * p<0.05, ** p<0.01, *** p<0.001.
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3.3. NRN1 expression methylation correlates

We observed a significant correlation between LC1 scores derived from the PFC sPLS-DA model and NRN1
gene expression in the corresponding brain region across the sample including both SZ-Clz and CTL groups
(standardized B=0.753, p<0.001, adj-R?=0.536). When we further analyzed the CpG units based on their
methylation status in the SZ-Clz group, the correlation remained significant for the "negative mean" values
(standardized $=0.715, p=0.002, adj-R?=0.477), while the "positive mean" values were not associated with
NRN1 expression. These results indicate that lower LC1 scores or "negative mean" values are linked to a
reduced NRN1 expression (Figure 5 and Figure S5). Conversely, we did not find any correlation between

NRN1 expression and methylation in the HIPP.

Prefrontal cortex

wm
|

Relative NRN1 PFC expression
adjusted by age, sex, PMI, DCand pH

-0.04 0.00 0.04

NRN1 methylation

LC1 scores

Figure 5. Scatter plot illustrating the correlation between latent component 1 (LC1) scores derived from the sparse Partial
Least Square Discriminant Analysis (sPLS-DA) of the prefrontal cortex (PFC) and NRN7 gene expression levels in the
same region. NRN1 gene expression levels are shown with +2 standard errors (SE). The expression of NRN71 was
normalized to GAPDH, and the values are presented as residuals, adjusted for sex, age, post-mortem interval (PMI), cause
of death (DC), and pH. The sample includes both schizophrenia patients treated with clozapine (SZ-Clz) and control
subjects (CTL), with dots colored blue for SZ-Clz patients and purple for CTL.

3.4 NRN1 genetic variability effects

We found that incorporating two genetic variants, rs2208870 and rs12333117, along with LC1 scores or the
"negative mean" values from the PFC sPLS-DA model, enhanced the correlation with NRN7 gene expression
in the corresponding brain region in the sample including SZ-Clz and CTL groups. Adding LC1 scores
alongside the two genetic variants significantly enhanced the model's performance compared to using only the
methylation variable (model's F=11.3, Adj-R?=0.673, p=0.001; A-R?=0.137, p of the change=0.048). LC1
scores exhibited a robust association with NRN1 gene expression (standardized =0.770, p<0.001), while the

genetic variants also made significant contributions (standardized (=-0.404, p=0.029 for rs2208870;
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standardized 3=-0.364, p=0.045 for rs12333117). Similar improvements were observed when incorporating
the "negative mean" values alongside the two genetic variants, significantly enhancing the model's
performance compared to using only the methylation variable (model's F=12.52, Adj-R?=0.697, p=0.001; A-
R?=0.221, p of the change=0.015). The "negative mean" exhibited a strong association with NRN1 gene
expression (standardized B=0.790, p<0.001), while the genetic variants also made notable contributions
(standardized B=-0.490, p=0.010 for rs2208870; standardized B=-0.442, p=0.016 for rs12333117).
Conversely, we found that incorporating genotypic variability into the methylation metric did not enhance the

model's ability to explain NRN1 expression in the HIPP.

4. Discussion

Given the crucial roles of NRN1 in brain development and synaptic plasticity, and the significance of these
mechanisms in the etiology of SZ, we have investigated the molecular variability of this gene in post-mortem
brain samples from patients with SZ and CTL. Our study reveals that NRN1 is significantly under-expressed
in the PFC of patients treated with clozapine and that methylation levels correlate with NRN71 expression in the
same region. In addition, our study shows that incorporating genetic variability data of NRN1 further shapes
this correlation, highlighting the necessity of multi-level approaches to understand the role of candidate genes

in SZ etiology.

First, our results showed that patients treated with clozapine exhibited reduced expression of NRN7 in the PFC
as compared to both CTL and Sz-ApFree patients. On the one hand, these differences should be considered
in terms of the their functional impact, as NRN1 expression is crucial as it enhances synaptic transmission by
increasing the surface expression of CaV1.2, CaV1.3, and CaV3.3 channels, mediated through the insulin
receptor and ERK signaling pathways (46—48). Then, our data provides new evidence suggesting that the
reduced NRN1 PFC expression observed in patients with SZ may be specifically associated with, or at least
more pronounced under, clozapine treatment, and that such differences could be related to synaptic
transmission variability. Despite the scarcity of comparable studies, to further interpretating our findings it is
interesting to mention that epigenetic mechanisms have been implicated in the effects of atypical antipsychotic
treatment, specifically demonstrating that chronic treatment induces the expression of proteins related to
histones deacetylation, such as HDAC2 (49). Particularly, clozapine treatment has been related to widespread
promoter demethylation (50). Also, it is remarkable a previous study exploring dorsolateral PFC transcriptome
of schizophrenia patients, that identified two molecularly distinct subgroups of patients, one similar to CTL and
the other markedly different, with NRN1 being among the down-regulated genes between the latter subgroup

and CTL (25). Then, we tried to replicate our results with a larger sample of clozapine-treated patients, but
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public data was limited and had fewer treated patients than our study (GSE224683, GSE80655, GSE12649).
On the other hand, the fact that our study did not reveal the same effect in HIPP, is aligned with previous
research showing different anatomical methylation signatures in patients with SZ and CTL when comparing
the PFC and the HIPP, possibly due to varying cellular compositions and their corresponding functional
specializations (51). This interpretation within the framework of region-specific transcriptome alterations in SZ
mirrors the loss-of-function mutations in the GRIN2A gene, encoding an NMDA receptor subunit, which

significantly increase SZ risk by differentially affecting brain regions and circuits (52,53).

Second, we explored the methylation profile of NRN17 in the two brain regions, but recognizing the complexity
of interpreting methylation changes in SZ, in a complementary approach to the global perspective given by the
PLS, we advanced to more detailed interpretations to integrate both broad methylation patterns and targeted
site-specific analyses. As regards the differences between SZ-Clz and CTL, defined by distinct CpG units in
each region, we observed that the component LC1, which best distinguished the two groups, included CpG
units with both increased and decreased methylation in patients, indicating that bidirectional changes are a
defining feature of the patient methylation profile across both brain regions. However, upon grouping CpG
units by the direction of methylation change, we found that the average of those CpG units under-methylated
in SZ-Clz was significantly different between groups in both regions, suggesting that lower methylation in SZ-
Clz may play a more prominent role. Notably, a methylome-wide study identified a large region
(chr6:59992669-6006917) encompassing 29 adjacent CpG sites along the gene body of the NRN7 as
hypomethylated in PFC of SZ patients compared to CTL (26). This region included all CpG sites detected as
hypomethylated in our study except for CpG 1.3, hence our findings add to those from Pidsley et al., 2014

while also suggesting that the observed hypomethylation may be characteristic of clozapine-treated patients.

Third, when exploring the relationship between NRN1 methylation and expression patterns, we observed that
two methylation metrics derived from the PFC model, LC1 and the average of those CpG units under-
methylated correlated with NRN7 expression in this region. Although the novelty of our study limits direct
comparison with other NRN71-specific results, our findings are consistent with previous research linking DNA
methylation to differential gene expression in post-mortem brain samples from individuals with SZ (54).
Additionally, it is important to note that some studies have linked clozapine treatment, but not haloperidol or
olanzapine, to changes in BDNF expression, an upstream regulator of NRN7, through the reduction of its

promoter methylation (55).

Next, to gain further insights into the potential methylation-expression correlates, we identified regulatory

elements overlapping with CpG units within PFC LC1 by using the UCSC Genome Browser
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(http://genome.ucsc.edu) to access data from the Encyclopedia of DNA Elements (ENCODE) project (56) and
the Open Regulatory Annotation (ORegAnno) database (57). The presence of enhancer regions, DNase |
hypersensitive sites within these CpG units, and histone marks like H3K27me3, H3K4me1, and H3K36me3
highlights their potential in gene expression control and chromatin accessibility. Upon examining the
transcription factor binding sites (TFBS) influenced by these CpGs, we observed that most of the CpGs under-
methylated in SZ-Clz potentially altered the binding of numerous transcription factors (TFs). Many of these TF
have been previously associated with SZ. For instance, CpG1.3 methylation variability may impact the binding
of ELK1, differentially expressed in SZ lymphoblastoid cells (58), FEV, linked to affective disorders (59), and
SPDEF, which methylation moderates stress and substance abuse and its expression differs in the brain of
patients with autism spectrum disorders and CTL (60). Similarly, CpG2.5 and CpG2.6 could affect the binding

of EGR1, a stress response gene genetically associated with SZ (61).

Four, considering that many SZ-associated genetic variants have regulatory functions and that methylation is
under local genetic control (62), we integrated genotypic variability in our analysis In the PFC, two variants
(rs2208870 and rs12333117) along with LC1 scores or hypomethylated CpG units correlated with NRN1
expression. HaploReg v4.2 data (63) showed that both variants alter TF binding affinity, with rs12333117 also

affecting enhancer and promoter function in multiple tissues, including the brain.

Despite the insights gained into the effects of genetic variability and methylation patterns on NRN71 expression
in SZ, several limitations must be mentioned. Our relatively small sample size, although comparable to other
studies, may not capture the full variability of the methylation landscape in SZ, limiting the generalizability of
our findings. Additionally, the expression and methylation relationship with antipsychotics is two-way:
antipsychotics can modulate methylation and thereby gene expression, but the unique methylation profile of
an individual prior to treatment can also affect drug efficacy. Thus, without a group of never-treated patients,
we cannot truly separate the effects of the disorder from those of the medication, but finding such post-mortem
brain samples is challenging. Moreover, post-mortem samples also introduce variability due to tissue
heterogeneity and differences in the cause of death, though we tried to account for this by including this last
as a covariate. Finally, our cross-sectional study design limits our ability to assess changes in methylation over
time, which is crucial for understanding SZ progression and treatment response. Moreover, establishing
causality in such studies remains difficult. Therefore, further research with larger samples, longitudinal design,
and advanced multi-omics approaches are needed to fully understand the epigenetic mechanisms underlying

SZ.
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In conclusion, we found that NRN1 is significantly under-expressed in the PFC of patients with SZ treated with
clozapine, with methylation levels correlating with its expression. Our study underscores distinct NRN1
epigenetic patterns in the PFC and HIPP, highlighting the brain region specificity of SZ-related alterations.
Additionally, incorporating genetic variability enhanced these correlations, emphasizing the importance of

considering both genetic and epigenetic factors to fully understand the molecular mechanisms underlying SZ.
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ARTICLE INFO ABSTRACT

Keywords: Cognitive remediation therapy (CRT) demonstrates potential in enhancing cognitive function in schizophrenia
S"""’f’l_"“"‘""“‘ (SZ), though the identification of molecular biomarkers remains challenging. The Neuritin-1 gene (NRN1)
Cognition emerges as a promising candidate gene due to its association with SZ, cognitive performance and response to
(l\:::ll;nylaliun neurotherapeutic treatments. We aimed to investigate whether NRN1 genetic variability and methylation
SNP changes following CRT are related to cognitive improvements.

NRNI Twenty-five SZ patients were randomly assigned to CRT or treatment-as-usual (TAU) groups, with cognitive
function and NRN1 methylation assessed pre- and post-intervention using the MATRICS Consensus Cognitive
Battery and EpiTYPER. Besides, eleven NRN1 polymorphisms were genotyped. Methylation changes (Am = post -
pre) were analyzed via sparse Partial Least Square Discriminant Analysis (sPLS-DA) to identify latent components
(LCs) distinguishing CRT from TAU. To further explore methylation patterns of these LCs, CpG units were
grouped into two subsets, yielding Am means for those with increased and decreased methylation. Cognitive
changes (Acog = post - pre) were used to identify CRT improvers (CRT-I, Acog > 1), and the association between
methylation changes and cognitive improvements post-therapy was also tested.

We identified two LCs that differentiated CRT from TAU with a classification error rate of 0.28. The main
component, LC1, included 25 CpG units. The subsets of CpG units with increased and decreased post-therapy
methylation differed significantly between the two treatment arms, suggesting that differences were not
merely data-driven but reflected meaningful biological variation. Additionally, CpG units linked to therapy were
also associated with cognitive improvement, with LC1 and the subset of CpG units showing increased methyl-
ation post-therapy distinguishing CRT-I from the rest of the patients across multiple cognitive domains.
Furthermore, the effect of LC1 on speed processing improvement after CRT was enhanced by considering the
NRN1-rs9405890 polymorphism. Notably, these CpG units, particularly those with increased methylation after
CRT, overlapped with key gene regulatory elements.

Our model, integrating genetics and epigenetics, boosts the understanding of CRT response variability and
highlights this multi-level approach as a promising strategy for identifying potential NRN1-related biomarkers of
CRT effects, though further studies with larger samples are needed.
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C. Almodovar-Paya et al.
1. Background

Schizophrenia (SZ) is a complex brain disorder, impacting approxi-
mately 0.3-0.7 % of the global population (Charlson et al., 2018) and
emerging from a combination of genetic and environmental factors
influencing neurodevelopmental trajectories (Schmitt et al., 2023). With
a significant genetic component, indicated by an 80 % heritability and
numerous common genetic variants associated (Hilker et al., 2018;
Sullivan et al., 2003; Trubetskoy et al., 2022), the high 50 % discordance
among monozygotic twins and the modest 24 % of SZ's liability
explained by common genetic variants reveal the influence of non-
genetic and environmental influences (Petronis et al., 2003; Tru-
betskoy et al., 2022).

This fact has prompted research in epigenetics, dynamic processes
that influence gene expression by altering the chromatin state (I(havari
and Cairns, 2020). Prominently studied among these mechanisms is
DNA methylation, characterized by the addition of methyl groups to the
cytosine bases of the DNA molecule, particularly those followed by
guanine and referred to as CpG sites that often group in specific genomic
regions known as CpG islands (Moore et al., 2013; Schiibeler, 2015).
However, the relationship between methylation and gene expression is
believed to be complex, with the balance between methylation levels in
the promoter and gene body regions being crucial for effective regula-
tion (Wagner et al., 2014). It is well-described that methylation pro-
cesses are influenced by environmental stimuli (Jirtle and Skinner,
2007), leading to changes, some of which may have lasting effects, thus
directly impacting gene expression and shaping the phenotype (Jaenisch
and Bird, 2003; Perera et al., 2020). Consequently, the extent of
methylation at specific CpG sites can be attributed partially to the DNA
sequence, environmental factors, or a combination of both (Shah et al.,
2014).

Several peripheral methylome-wide association studies have identi-
fied methylation variances between SZ patients and healthy controls
(Aberg et al., 2014; Hannon et al., 2016; Montano et al., 2016), but also
between monozygotic twins discordant for the disorder (Dempster et al.,
2011; Fisher et al., 2015). Interestingly, a meta-analysis has demon-
strated that numerous studies converge in detecting a significant cluster
of genes associated with synaptic membrane function and structure,
alongside others involved in immune and stress responses (Chan et al.,
2020). Additionally, some studies have indicated that peripheral
methylation changes are also present in ultra-high-risk individuals
(Ciuculete et al., 2017) and even that specific methylomic changes
appear during the conversion to psychosis (IKebir et al., 2017).

Although peripheral methylation may not capture all brain-related
disease changes, some studies have shown promise by revealing signif-
icant correlations in DNA methylation between blood and brain tissue
(Davies et al., 2012; Walton et al., 2016). Notwithstanding, beyond
these tissue correlations, investigating blood methylation remains
valuable for biomarker identification, particularly given the accessi-
bility of the tissue and its reversible nature, which enables the exami-
nation of therapy-induced changes potentially leading to enhanced
patient care (Goud Alladi et al., 2018). In this sense, exploring methyl-
ation's connection to cognition in SZ is particularly compelling, as
cognitive symptoms constitute a core dimension significantly affected in
SZ, but also because it remains inadequately addressed by existing
pharmacological treatments (Nielsen et al., 2015). These cognitive
symptoms encompass declines in memory, language, executive func-
tions, processing speed, and deficits in social cognition, including
impaired theory of mind (Fatouros-Bergman et al., 2014). Moreover,
they can manifest in ultra-high-risk individuals (Bora et al., 2014) and,
to a milder extent, in unaffected relatives (Bora, 2017). Importantly,
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these symptoms may precede and persist beyond positive (e.g., de-
lusions, hallucinations) and negative symptoms (e.g., lack of volition),
influencing functionality and contributing to disability (Jonas et al.,
2022). Thus, it has been suggested that the most effective strategy for
enhancing or normalizing cognition in SZ has to involve a combination
of pharmacological medication and psychological therapies
(Michalopoulou et al., 2013).

In this scenario, cognitive remediation therapy (CRT), a learning-
based intervention, has shown promising results in alleviating global
cognitive deficits in SZ (Wykes et al., 2002). Anchored in the principle of
neuroplasticity, neuroimaging studies consistently reveal increased
bilateral activation in prefrontal and parietal areas as the most common
finding associated with CRT (Mothersill and Donohoe, 2019; Penadés
et al., 2017). Furthermore, changes in neuronal-connectivity (Penadés
et al., 2020a, 2020b; Ramsay et al., 2017), along with structural modi-
fications in white matter (Matsuoka et al., 2019; Penadés et al., 2013)
and grey matter (Eack et al., 2010; Morimoto et al., 2018), have been
observed. Interestingly, these functional and structural changes corre-
lated with behavioral improvements in most of the mentioned studies.
However, despite these advances, little is known about the molecular
basis underlying the effectiveness of CRT, even though it has been
suggested that epigenetic mechanisms may play a pivotal role in un-
derstanding the biological insights associated with various types of
psychotherapy (Penadés et al., 2020a, 2020b).

Among the genes essential in neurodevelopment and intimately
involved in synaptic plasticity there is Neuritin-1 (NRN1), located at
chromosome 6p25.1 and initially identified in a screening for activity-
regulated genes by Nedivi et al., 1996. In first stages of development,
NRNT1 acts as a survival factor for neuronal progenitors and differenti-
ated neurons (Putz et al., 2005). In later stages, it also facilitates the
growth and stabilization of axonal and dendritic arbors and the forma-
tion and maturation of synapses (Javaherian and Cline, 2005). In the
adult brain, NRN1 expression is correlated with activity-dependent
functional synaptic plasticity, particularly in the hippocampus and
neocortex (Flavell and Greenberg, 2008; Loebrich and Nedivi, 2009).
Regarding its role in cognitive processes, linkage studies have related
NRN1 chromosomal region to intelligence quotient (IQ) (Posthuma
et al., 2005), and genetic association studies have identified diverse
common variants to influence executive function (Prats et al., 2017). In
the context of SZ, the NRN1 chromosomal region has been linked to a
subtype marked by cognitive deficits (Hallmayer et al., 2005), and ge-
netic association studies have also implicated NRN1 variability in SZ
risk, cognitive deficits, early onset, as well as brain structural and
functional changes (Almodévar-Paya et al., 2022, 2024; Chandler et al.,
2010; Fatjo-Vilas et al., 2016). Additionally, a methylome-wide associ-
ation study has identified NRNI as one of the most differentially
methylated genes in the cortex of individuals with SZ (Pidsley et al.,
2014). Parallelly, beyond studies in SZ, NRN1 brain expression has been
linked to cognitive resilience against Alzheimer's disease (Hurst et al.,
2023; Johnson et al., 2022; Yu et al., 2020).

However, despite the crucial roles of NRN1 in synaptic plasticity and
cognition, no previous study has explored the role of NRNI as a
biomarker of CRT response. Accordingly, in the current study we hy-
pothesized that NRN1 genetic variability and methylation changes after
CRT will be associated with therapy-derived cognitive improvement.
This hypothesis was tested in a two-arm randomized controlled trial,
with participants randomly assigned to receive either CRT or treatment
as usual (TAU), and NRNI methylation levels and cognitive function
assessed before and after the intervention.
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2. Methods
2.1. Design

This study builds on Penadés et al., 2024 research, a two-arm ran-
domized controlled trial (registered as NCT04278027). Participants
were randomized to receive either cognitive remediation therapy (CRT
or therapy group) or treatment as usual (TAU or control group) with a
2:1 ratio. Randomization was carried out by a psychiatrist who was not
involved in the assignment process and was solely responsible for
generating the allocation sequence. The sequence was created using a
free, web-based program (www.randomizer.org). To ensure blinding
and prevent bias, sequentially numbered, opaque sealed envelopes with
carbon paper, as detailed in the SNOSE procedure (Doig and Simpson,
2005), were used for the assignments. Outcome and explanatory vari-
ables were assessed before (pre = baseline) and after treatment (post =
16 weeks) blind to group assignment.

Participants were recruited by the staff of Barcelona Clinic Schizo-
phrenia Unit (BCSU) at the Hospital Clinic of Barcelona. Sixty patients
with SZ, classified according to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5), were assessed for eligibility
based on the criteria determined by the Structured Clinical Interview for
DSM-5 (SCID-5) by First et al., 2002. All met the following inclusion
criteria: i) diagnosis of SZ according to DSM-5 confirmed by SCID, ii)
stability of symptoms, verified by a psychiatrist, ensuring participants
had been on a stable dose of antipsychotic medication and had no hos-
pitalizations or acute episodes for at least six months before the trial, and
iii) ongoing clozapine treatment, indicative of poorer functional out-
comes (lasevoli et al., 2016), with no planned modifications in anti-
psychotic medication. From the initial assessment, some participants
were excluded based on the exclusion criteria: i) presence of neurolog-
ical or traumatic brain conditions, ii) changes in antipsychotic dosage
greater than 10 % between pre- and post-intervention, and iii) abuse of
psychotropic substances. Then, the final sample included in the trial was
composed of 60 participants (40 CRT and 20 TAU). After excluding those
without biological samples available both at pre- and post-therapy, the
samples available for the methylation analyses were 43.

Symptoms evaluation was performed using the Spanish version of
the Positive and Negative Syndrome Scale (PANSS) at baseline (Kay
etal., 1987), which can be divided into three subscales for measuring the
severity of general psychopathology, positive symptoms, and negative
symptoms.

2.2. Interventions

Regardless of group assignment, all participants from both treatment
arms continued to receive standard care, including their usual phar-
macological and psychological treatments as needed, and underwent

Table 1
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four monthly visits with clinical psychiatrists to monitor their psycho-
pathological course and aspects related to pharmacological treatment,
following the protocol of the clinical unit where patients were attended.

2.2.1. Cognitive remediation therapy (CRT)

The participants in the therapy group underwent a Cognitive
Remediation Therapy (CRT) protocol using the CIRCuiTS software
(Computerized Interactive Remediation of Cognition and Thinking Skills
Reeder and Wykes, 2010). This therapist-supported web-based program
facilitated cognitive remediation tasks. Additionally, participants
engaged in supplementary and independent sessions aimed at promot-
ing mass practice, enhancing the intensity and frequency of cognitive
task practice. The trial spanned two years, during which evaluation and
treatment procedures were applied to the participants. The treatment
consisted of up to 40 sessions, held 3 times per week over a period of up
to 16 weeks (Reeder et al., 2017).

2.2.2. Treatment as usual (TAU)
The control group received only standard antipsychotic medication
without any psychological or cognitive treatment during the trial.

2.3. Cognitive evaluation

Research assistants blinded to the group assignments of patients
evaluated the cognitive performance using the Measurement and
Treatment Research to Improve Cognition in Schizophrenia Consensus
Cognitive Battery (MATRICS Consensus Cognitive Battery - MCCB (Kern
et al., 2008; Nuechterlein et al., 2008). It is organized into six domains
(speed of processing, attention/vigilance, working memory, verbal and
visual learning, and reasoning and problem-solving). Following the
recommendation of the battery developers, a global composite score was
calculated by averaging the t-scores of all tests, which is called global
cognition. The first assessment was conducted one week before the
therapy started, and the final assessment took place one week after the
therapy concluded.

2.4. Sample description

We used a representative subset of 25 individuals from the prior
study by Penadés et al. (2024) to conduct the present study. First, we
randomly selected the 16 CRT participants, and then chose the 9 TAU
participants, ensuring they were matched by sex and age. Additionally,
we verified that there were no differences between the two treatment
arms in any other demographic characteristics or clinical profile,
including evaluation of symptom severity with the PANSS (Table 1).
Furthermore, to confirm that this subsample was equivalent to the initial
one, we checked that there were no significant differences in any
baseline cognitive, demographic, or clinical variables (Supplementary

Sample characteristics, encompassing both demographic and clinical details, of subjects undergoing cognitive remediation therapy (CRT) or receiving treatment as
usual (TAU). Demographically, the table provides sex distribution, including the count and percentage (%) of males, alongside age and education level reported in
years. Clinically, the table includes the age of onset and illness duration expressed in years, as well as hospitalizations representing the number of inpatient stays and
antipsychotic dosage specified as clozapine mg/day. Also, the scores on the Positive and Negative Symptoms Scale (PANSS) are given. Quantitative variables are

accompanied by their respective mean and standard deviation (SD).

CRT (n = 16) TAU (n=9) G/t p-value
Sex (M/T) 10/6 (62.5 %) 6/3 (66.6 %) 0.04 0.84
Age 40 (8.20) 42 (7.02) -0.89 0.38
Education 11.25 (3.29) 11.33 (3.71) -0.58 0.95
Age at onset 24.81 (8.36) 21.67 (3.61) 1.07 0.29
Illness duration 15.69 (7.76) 21.44 (6.98) —0.84 0.08
Number of hospitalizations 2.31 (1.14) 2.27 (1.50) —0.67 0.51
Antipsychotic dosage 329.69 (175.17) 319.44 (152.98) 0.15 0.88
PANSS Total 82.75 (18.34) 88.22 (11.80) 0.08 0.94
PANSS Positive 12.88 (4.80) 15.00 (6.02) -0.97 0.31
PANSS Negative 23.63 (6.53) 21.33 (4.24) 0.94 0.36
PANSS General 46.25 (10.14) 45.59 (7.08) 0.09 0.93
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Table S1).

2.5. Molecular variables

For all individuals, genomic DNA was obtained from peripheral
blood cells at baseline (pre) and after treatment (post), and extracted
using Realpure SSS Kit for DNA Extraction (Durviz, S.L.U, Valencia,
Spain). This extracted DNA was employed in genotyping and methyl-
ation analyses.

2.5.1. NRN1 methylation

Methylation analyses targeted the CpGs along the three CpG islands
(CGI) spanning the NRN1 gene (CGI1 chr6:5,998,917-5,999,730, CGI2
chr6:6,002,288-6,004,772 and CGI3 chr6:6,006,457-6,006,810, refer-
ence genome UCSC-hg38). Samples were analyzed using the EpiTYPER
method (Agena Bioscience) at the Centro Nacional de Genotipado
(CEGEN, http://usc.es/cegen/). This method examines CpG sites within
amplicons ranging from 200 to 600 base pairs, being especially well-
suited for endeavors aimed at investigating specific regions. In our
case, six amplicons were designed using Agena's EpiDesigner software to
amplify these regions of interest (Supplementary Table S2).

152208870 rs12333117
1 1

cGn CGI2

Progress in Neuropsychopharmacology & Biological Psychiatry 136 (2025) 111175

The methylation values can range between 0 and 1, being 0 the value
corresponding to a 0 % methylation state and 1 the value associated with
a100 % methylated state. However, some CpG sites are located too close
to independently determine their methylation levels; therefore, the
methylation status of a fragment containing multiple CpG sites is
assessed. In this case, the methylation status of a fragment reflects the
mean of all CpG sites within that fragment. Therefore, we will refer to
CpG units, which can comprise one or more CpG sites. Each CpG unit
was denoted numerically based on its 5' to 3' genomic position on the
forward strand sequence. The methylation quality control protocol
implemented by CEGEN involved excluding units deviating by over 10
% from established commercial controls (HMc, 100 % methylated, and
LMc, 0 % methylated), as well as excluding samples with standard de-
viation variances between replicas exceeding 10 %. In all, we have
analyzed 63 CpG units (consisting of 182 CpG sites) along 3 CGIs within
the NRN1 region (Fig. 1 and Supplementary Table S3).

2.5.2. NRN1 genotyping

We genotyped 11 Single Nucleotide Polymorphisms (SNP) at the
Neuritinl gene (NRN1, 6p25.1). The genotyping was carried out at the
National Genotyping Center (CeGen, http://usc.es/cegen/). The 11
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CGI1 (chr6:5998917-5999730)
ATCTTCCTCTCGATTTCCGGGAGCAT
GGAGTGAGTGTGGGTGGGLGLGLG
GGGGGAGCTGGCCCCACGCTCAGAA
GGAAAGCCAGGTCGCTAAAGCTGCC
GAGAGAGACACCAGGAGCACCGGG
AACGCCGGGAGCAGGGACCLCGCC
GCCCCGTTGCCGCTGCCGCAGAGTT
CGAATAAGCTGCCTTGGATGTTGAG
GTTTTTGGATTCTTTTCTCAGTTTATC
CCACATATCTTTCGCCCCTTCCTGGC
AATCCGTAAGGGCTGTGACCGTGCA
GCTGTGGAAATCCTCCCAGTATCTGG
TGAGGAACAGAACAAAACAGAACAA
GCAGGTTCACTTGGGACGCCGGGAA
CACCCCGGGLTTGCGCCCCTGCGLCT
CCCCGCTGGCGGLCCCGCCAACTTCC
CGGGGTGTC _CCTACCTTCTCT
TCACCGCCCTGGLGCCTGGLCTGLG
CGAGGTCGGGACTCGCGGGACCTCC
GCCTACCCCAGAAGCGGCTGTCTAA
AGCGGGGGTGGGGGGGLGLCCCCT
CCTGTCTGGTTTTCCCTTCCAGTTGCC
GGGAGAGGACTAGGCAGCCGGGAG
CCGGGCCGTGCACCCGCTGTGGLGL
GCTGGCACCTCGGCCTCCGCAAACA
GATTGCTCGCCCTCCTCGGGGAAAG
CTAGGAAAACAGTGCTAAGCCTCGC
AAGCTGCCGCCCATTAATGCCTCTTA
GCTTGCAAGATGGGTTACTAGCTCT
GAGCACGGCCCTCCCCTCGGGGLTT
CTTACATTCTCCTCCCCCTCGCCCCTT
CTGTCTCCCTCCTTCTCCACGCCGLG
GTACTCTCGCCTTCG

CGI2 (chr6:6002288-6004772)
CGGCACTCTCCGACCTCAGTAGCGCCCCCAAAACCGAAGTCCAGCCGGCCAGAGAGGACACTT
ACGTGCACACGGTCTTGATGTTCGTCTTGTCGTCCAGGCCCTGCGGGTAGTTGGCCATGCTGTC
GCCCAGCTTGAGCAAACAGTCCGAAAAGCCCTTGAAGACCGCATCGCACTTGCCCGCTGCTCTC
ACGGCCTGCACCAGATACGCTGCGGGGAGGAGGGAACACCGGTCAGCAGCGCCACGACCCCG
CCCTGCCGCCCACTGCCCTTTCCTGCGAGACCCTGGCTCCGCGCGGCCTCATCGCATCGGGLGG
CCTCTCCCAGCGCCCAGCCTCGGGGLTCGCCAGTGTTAAAGGTGAATGAAAGACGTGACCCAG
GAATGCCCGACCTGCAGCTAACGCTGCGTCTAGTGCAAATTGTCGGTGTGTGAGCAGGTGTGG
GTGGGTGGGAGGTAGGTGAGTCCATTCCTTTCCTCCAGCTCCCTCCCGCATCTCGCTCCGTATC
TITTTCTGTTTCCATCGCCCCCTCTTCTCACCTCCCTCATCCCTTTTATTTCTCTTTCTCCTCGCTCC
CTCCTTCGTCTCCCAACACTTCCCCAGCAAGCCCTGTCACAGCTCTCGCAATGCGATCTTCCATT
TTGAGGTGACAGAAGGGGTCTCGGCTGCAGCGTGCGGGGGCGAGAACGGGGTGGGGAGACG
ACAGGGCGTGGGGTCACGCAGCTGAACCCAACGCCACATCACGAGAATAAGCCTCAGGCTTG
GCGCTCTGTCCTTGGTGGGCGCTCAGCAAACACTGCTGAATGAATGAACGAATATAGTCCCTG
GAAGCCACCAGCAGTTACCGAAATGGATTGTTTCATTATAAAACCGATTGCCTACCGTGGACTC
TGTATTCCGAGTGAGACCCTCGGATGCACCCTCTCCCGCCCCGCTGGAAAGAGGG CAGCCTGG
ACGTCCTGAGACCTGGCGCGGATGATGAGTGG TCTGGAGAGGAGAAGGCCAGAGGCCGGGL
GGGGTCACGGATGAGTCTGCCTGGGTCACCTCCGCAAAGGCCAAATCCACGAACCTCGGGCCT
CTTTCTCTCCTCCTCCCCTGTCCGCCACTCGGCTCCCCAGACACCCTTAACAACCCACCCGLCCG
CCAAAAAGCCCGCCTACACTCCGGACGGCAGCGGGGAGAGGCTGTTCTTCTCCAGGTGCCAGC
CCTGCTGCTGAAAGTGAGCTCGCLGLGGLCCGGGGLTCCTGGCCCCAGCTCAGGACTCCCTGC
AGAGAGCAGGCAGGGATAAAAGCTGAGCGGCGGGAGGAGGAGGAGGAG GAGGAAACACAG
GCCGCACGAAGGTCCAAGCCCCAAGCCCCCAAGCCCCCGGCCTCTGGACGGCCAAACCCCGAG
GCGCGGGACTGGAAGGACAGGTACCAGGCTGCGGGLGLGCGGCTGTGGCCATCTCTTTCCGC
CCTGAGGCCGACGAACCCGGCTGGAAGCTGAGTGCCTAGCGGCCCAAAGCAGCCCGGGLGCL
GGGAGGGCGCCAGAGAAGCACAGCGTTAGGGCGGGGAAGAAAGGGTGAATCTCAGAATCGA
AATCCGCACTGGCGCCCACGACCCTGGGCGCCGGCCTGGTCCTCGGCAGCTTTCTGGCGGCTG
CGCTTGTGTGTGAATGTGTCCCGGGAGGACCGGACACCTCAATCCCCCGGCCCCCAACGLGGG
CGCCTGTCCGCGAGLGCCGGGCCAGACGCCGAAGAGGAAGGTGACCGAACCCGTAGCAGCTT
CCGAGAGCGTACCCGTTTGCAAATTGCTGCAGGAAGAGCGAGGCGGGCCTTGCGCTTTTTAAT
CCGGAACGGGAAGCACTGGGGAAGGGACCGAGGTTAACTTCGACCTCCGCTGGGGCAGATAC
GTAAACCTTCTCAAACCTCCGAGTTCACCTTACAGCGAACATTAAATACCCTTGCGACTACAATA
CTAACAAATCGAACACTGACGTAAAATCTTAAGAATAAACGAATCTTTGTTCTGATAGAGCTCG
TTCAAAATGGAAATACACTCCACACATCTTCCTCTATAACGCATGTCACAAATACAGCTTTGCAG
AGAAGAAACGAAATAAAATAAAGTCCAATCTCCCCGTCCACGTCTCTCCCCACCCCTTGCCTAC
ACCCCCAAAACTCAGTGGCGAAAGAAGCCCCTAAAATGCATTGACATTTTTTAAGGGGAATTG
GGGCTCGCCGGGGGCGGGAGCGCTCTTGTCACGTTATCTTCCCAGGCGCTGCTGGAGAAGACC
CTGCACACCGCGCATGTGTGAGTGTGTGCTGTGTAAAATAAG TCGTGAACATTTCTGTCTTTTA
AAACTGTGACTCCTTGGACTCTAGCCTTCTCTGGGAGGCCGGGAGGCTGCGCGCGGGACGGAT
TTTGCAGGCGCACGCGTCCCAGCAGGTCGCAGCCCGTGGGTCCCTCGCTGTCCTTCCTGAACCC
CGCTTAGGCGAGACTCTAGCG

CGI3 (chr6:6006457-6006810)
CGTGTCCAGAAAATGTCCGGCCGCA
CACATTTCCTGGCGAACATTTGGAAT
CTATAGCTTTAGGAAAAACCGATCTG
GGACGCGCTAGTCCCCAGGAACTGA
TGCCCCCACCCTCGGGGGATTGLCG
GCTTCTCCGCACCCTGGGGLGGLCG
CGGACCCGCTAGTCCCCCTCCGLGCC
TCGGGCCGGGGCAGGCTGCCTCCCG
CCTCCAGCCTCCAGCCGGGCTGAGC
GGCCACTTACCTATTTGCACCGCGAG
GATCAGTGAAATATATCTGCCGTTCA
ACTTAAGTCCCATCCTACGTTTAGTC
AAACCATTTGCGACCGCAGACCTTTA
AATAGTTAGTTTAGAGAACGCG

Fig. 1. Schematic representation of the NRNI gene (NCBI36/hg18) with exonic (in black) and CpG island (CGI, in blue) regions, as well as single nucleotide
polymorphisms (SNPs) included in the study placed according to the human genome browser (http://genome.ucsc.edn). Positions of the analyzed CpG sites in the
DNA sequence are indicated below (in bold blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 2
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Information regarding NRN1 Single Nucleotide Polymorphisms (SNPs) included in this study. The table contains the dbSNP number, chromosome location, alleles
(minor/major), and minor allele frequency (MAF) for each SNP based on the UCSC Genome Browser on Human (GRCh38/hg38). Additionally, the table provides MAF
and genotypic count and frequency (%) separately for subjects undergoing cognitive remediation therapy (CRT) and treatment as usual (TAU). Due to low frequencies
in some genotypes, frequencies shown in the last two columns and subsequent analyses were conducted with all SNPs dichotomized (homozygous and heterozygous for

the minor allele / homozygous for the major allele).

SNPs Chr Position Allele MAF; 000G MAFsample CRT TAU
152208870 6:5992257 G/A 0.34 0.34 10 (62.5 %) / 6 4 (44.4 %) /4
1512333117 6:5994759 T/C 0.40 0.31 10 (62.5 %) / 6 7(77.75) / 2
1582186 6:6001148 A/G 0.38 0.40 11(73.3%) /5 6 (66.6 %) / 3
15645649 6:6004726 C/G 0.36 0.34 10 (62.5%) / 6 4(44.4%) /5
15582262 6:6007758 C/G 0.30 0.31 10 (62.5%) /6 3(33.3%)/5
153763180 6:6009615 T/G 0.46 0.41 12 (75 %) / 4 3(33.3%) /5
1510484320 6:6010204 T/C 0.22 0.18 6 (62.5 %) / 10 3(33.3%) /5
151960155 6:6010306 C/T 0.149 0.11 12(75%) / 1 6(66.6 %) /3
159379002 6:6012158 G/T 0.29 0.41 11(73.3%) / 5 4(44.4%) / 4
159405890 6:6012188 C¢/T 0.31 0.37 11(73.3%) /5 4(11.4%) /5
151475157 6:6016936 G/A 0.17 0.18 6 (62.5 %) / 10 2(22.2%) /7

SNPs included in the study were chosen to cover the genomic sequence
and approximately 10 kb upstream and downstream. The optimal set of
SNPs, which contained the maximum information about surrounding
variants, was selected using the SYSNPs tool (http://www.sysnps.org/)
with a minor allele frequency (MAF) > 5 %, utilizing the pairwise
tagging option (r? > 0.8). Additionally, we included SNPs previously
associated with SZ in the study by Chandler et al. (2010). All these SNPs
have also been genotyped in other studies conducted by our group
(Almodoévar-Paya et al., 2022, 2024; Fatjo-Vilas et al., 2016; Prats et al.,
2017). As shown in Table 2, the genotyping call rate was 99 % and the
minor allele frequencies were comparable to the ones described for the
EUR population in the 1000 Genomes Project. Furthermore, genotype
frequencies were confirmed to be in Hardy-Weinberg equilibrium
(PLINK v.1.09).

2.6. Statistical analyses

2.6.1. Characteristics of the sample and CRT benefits in cognition

For mean comparisons between CRT and TAU in relation to socio-
demographic data, we used t-student (for quantitative variables) and
chi-square (for qualitative variables) tests.

We applied repeated measures ANOVA to determine if the observed
changes in cognition between pre and post differed between the treat-
ment groups. The main factor of interest was the interaction of time (pre-
post) with treatment (CRT/TAU). A significant interaction means that
slopes observed between pre-post measures differ between treatment
arms. Age, se, illness duration, and antipsychotic dosage (clozapine in
mg/day) were included as adjusting variables.

2.6.2. Between-groups NRN1 methylation changes over time

Prior to analyzing methylation data, the confounding variables (age,
sex, illness duration, and clozapine dosage) were regressed from each
predictor methylation variable (CpGs). To get a measure of the
methylation change, the baseline methylation residuals were subtracted
from the methylation residuals after the treatment (Am = post - pre).

Due to the high intercorrelations of CpG units and the associated
multicollinearity (Supplementary Table S4), we used sparse Partial
Least Square-Discriminant Analysis (SPLS-DA) to assess the differences
in the Am values between treatment arms. All the analyses were based
on the mixOmics protocol as implemented in the specific R package
(Rohart et al., 2017). This method is appropriate for high-dimensional
datasets where the number of variables exceeds the number of obser-
vations, as it projects the predictor (X) and response (Y) variables into a
lower-dimensional space by constructing latent components (LCs) that
maximize covariance. To address the challenge posed by the small
sample size in our study, we applied Leave-One-Out Cross-Validation
(LOOCV) at multiple stages of the modeling process to calculate classi-
fication error. LOOCV is particularly well-suited to small datasets as it

maximizes each data point's use by treating each individual sample as a
test set once, while training the model on the remaining data. First,
LOOCV was used to determine the optimal number of LCs by evaluating
the classification error across different component configurations. To
further optimize the model, we applied the LASSO penalty in combi-
nation with LOOCYV to select the most relevant CpG units. After deter-
mining the optimal number of LCs and CpG units, we used LOOCV to
evaluate the performance of the final sPLS-DA model. We interpreted
each CpG unit within an LC in two main ways: first, through its coeffi-
cient or loading value, which indicates its importance in distinguishing
between groups, and second, by assessing the contribution of the CpG,
which identifies the group where it shows a higher methylation differ-
ence (Am). Additionally, to validate the reproducibility of the CpG
signature captured by the LCs, we performed a feature stability analysis,
which assessed how frequently each CpG unit was selected across mul-
tiple iterations of the model.

Our criterion for prioritizing the most informative LC were: i) to
select the first component, which by the intrinsic methodology of sPLS-
DA inherently retains the highest covariance between CpGs and treat-
ment arms, ii) to retain only those other components showing statistical
differences between treatment arms using the Mann-Whitney U test, and
iii) to assess the stability of the features within each LC, as our subse-
quent analyses focused on exploring the methylation patterns of CpG
units.

In addition to applying LOOCV throughout the entire model-building
process, we later addressed potential overfitting and assessed the
robustness of the model built with optimal parameters by randomly
splitting the data into training and test sets and computing key perfor-
mance metrics using a bootstrapping approach with 500 iterations. The
metrics include precision, which measures the proportion of correctly
predicted positive instances; recall, which indicates the proportion of
actual positives correctly identified; the F1 score, which is the harmonic
mean of precision and recall; and accuracy, which represents the overall
proportion of correct predictions.

To further explore the methylation patterns of the CpG units included
in the LCs and following other studies with similar approaches (Morgan
et al., 2019; Fernandez-Egea et al., 2016), we computed two Am means:
one grouping CpG units showing decreased methylation levels from pre
to post in CRT group (Am CRT < Am TAU, referred to as the “negative
change average”); and another grouping CpG units showing increased
methylation levels from pre to post in CRT group (Am CRT > Am TAU,
referred to as the “positive change average”). To validate the robustness
of these patterns and ensure that the observed differences were not
merely the result of a data-driven process, we also utilized the Mann-
Whitney U test to statistically compare these means between the two
treatment arms.
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2.6.3. NRN1 methylation changes associated with CRT cognitive
performance improvement

To deepen our understanding of the NRN1 methylation signature
associated with CRT cognitive improvement and to get a measure of the
cognitive change, the baseline cognitive scores were subtracted from the
cognitive scores after the treatment (Acog = post - pre). We utilized
these values to classify participants into two groups: those who under-
went CRT and exhibited cognitive improvement (Acog >1, CRT-I), and

A)

LC2 scores

LC1 scores

C) D) CpG units showing a decrease in methylation levels from pre to post CRT

CpG2.26-
CpG2.24-
CpG2.19-
CpG3.7 -
CpG3.11~-

CpG3.5-
CpG2.17-
CpG2.25-~
CpG1.19-
CpG1.10-
CpG2.20-
CpG1.17-
CpG2.13~-

CpG2.8 -
CpG1.13-
CpG2.30-
CpG2.14-
CpG2.16-
CpG1.14-

0.010-

0.005 -

CpG2.15 residuals

-0.005 -

0.0025 -

0.000 —----- [

Progress in Neuropsychopharmacology & Biological Psychiatry 136 (2025) 111175

those who either did not show improvement following CRT (Acog <1,
CRT-NI) or received TAU (Supplementary Table S5). This classification
was conducted for each cognitive domain and global cognition. This cut-
off for classification was based on recent meta-analyses of CRT effec-
tiveness, which emphasize that although cognitive improvements
following CRT are typically modest, they can still result in meaningful
clinical benefits and enhanced psychosocial functioning (Vita et al.,
2021). Then, we used the Mann-Whitney U test to assess the ability of
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Fig. 2. A) Scatter plot projecting samples onto a space defined by the first two latent component (LC) scores from sPLS-DA analysis, with each treatment group, cognitive
remediation therapy (CRT) or treatment as usual (TAU), represented by a 95 % confidence ellipse, colored in purple and orange, respectively. B) Box plots displaying LC1
and LC2 scores with + 2 standard errors (SE) shown by the treatment group (CRT and TAU). C) Bar plot illustrating loading weights for each CpG unit in LC1, ranked
by value. Red bars denote CpG units with higher methylation delta values (Am = post - pre) in the CRT group, while green bars indicate those with lower Am. D and
E) Left: Line plots displaying methylation changes from pre to post assessment for two of the most influential CpG units, with 42 SE, grouped by the treatment (CRT
and TAU). Right: Box plots showing the mean methylation levels of CpG units within LC1, with 42 SE, grouped by the treatment (CRT and TAU). These metrics are
calculated separately for CpG units exhibiting decreased Am values in the CRT compared to TAU (“negative change average™) and those demonstrating the opposite
trend, increased Am values in the CRT compared to TAU (“positive change average™). Statistical significance is denoted as: p < 0.001 **#, p < 0.01 **, p < 0.05 *. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the LC scores, the “negative change average”, and the “positive change
average” to distinguish between CRT-I and the rest of the sample (CRT-
NI/TAU). To control for the possibility of significant p-values happening
by chance, as we performed 6 comparisons for each of the six domains,
we only considered those significant effects that met the Bonferroni
criterion (p = 0.05 / 6 = 0.008).

2.6.4. Interplay between NRN1 methylation profile and genetic variants on
CRT effects

We analyzed the influence of LC scores, “negative change average,”
and “positive change average,” along with NRN1 polymorphisms (11
SNPs), as combined predictors of cognitive improvement. For each
cognitive domain and total cognition, three logistic regression models
were developed with CRT-I versus the rest as the dependent variable,
using i) cognitive scores and 11 SNPs, ii) “negative change average™ and
11 SNPs, or iii) “positive change average™ and 11 SNPs as independent
variables. Each logistic regression was performed separately for the six
cognitive domains and global cognition, resulting in a total of 21 logistic
regression analyses. A stepwise approach using a conditional method
was employed to include SNPs based on the likelihood-ratio statistic's
probability. Due to genotype frequency, SNPs were dichotomized in all
analyses (homozygous and heterozygous for the minor allele versus
homozygous for the major allele).

3. Results
3.1. CRT effects on cognition

As described by the previous study by Penadés et al., 2024, from
which our sample is drawn, we observed significant improvements
following the intervention in five out of six cognitive domains in the CRT
group compared to the TAU group: speed processing (p = 0.002),
attention/vigilance (p = 0.013), working memory (p = 0.007), verbal
learning (p = 0.019), and visual learning (p = 0.031). Additionally, the
CRT group exhibited favorable differences in global cognition (p <
0.001) (Supplementary Table 6).

3.2. NRN1 methylation changes

3.2.1. NRN1 methylation changes over time between CRT and TAU

Two LCs, accounting for 6.5 % and 6.4 % of the methylation variance
and containing 25 and 15 CpG units respectively, effectively differen-
tiated between CRT and TAU. This discrimination is evidenced by the
0.28 balanced classification error rate and depicted in Fig. 2A, which
illustrates the sample distribution within the two LC spaces. The per-
formance evaluation suggests that the model including both LCs is
relatively effective at identifying CRT, with an accuracy of 68.5 %, and is
moderately successful at minimizing false positives and false negatives,
achieving a precision rate of 68.4 % and a recall of 67.7 %, respectively.
These rates result in an F1 score of 68.1 %, indicating a balanced trade-
off between precision and recall. Due to the intrinsic methodology of
sPLS-DA, LC1 was the most influential component in distinguishing
between treatment arms. This was further confirmed by comparing the
LCs scores between CRT and TAU, which showed a significant difference
in LC1 (TAU = -1.97(0.83), CRT = 1.11(1.11), U = 2, p < 0.001),
whereas LC2 did not reach statistical significance (TAU = 0.62(0.91),
CRT = —0.35(1.50), U = 40, p = 0.074), as evidenced in Fig. 2B.
Additionally, LC1 demonstrated greater stability in its features, with the
88 % of the CpG units (22 out of 25) exhibiting high stability (>85 %), in
contrast to LC2, where only the 40 % of the units (6 out of 15) met this
criterion (Supplementary Table S7). Accordingly, LC2 was considered
less reliable and its features less informative compared to those in LC1.
Therefore, subsequent analyses exploring methylation patterns among
the CpG units were directed toward LC1. Within LC1, the included CpG
units exhibited varying relevance in discriminating between treatment
arms, as depicted in the loadings plot (Fig. 2C), and distinct patterns of

Progress in Neuropsychopharmacology & Biological Psychiatry 136 (2025) 111175

methylation changes between the CRT and TAU groups. Specifically, a
subset of CpG units exhibited lower Am values in the CRT group
compared to TAU, indicating a shift toward decreased methylation
levels from baseline to post-treatment, either through a decline or a
smaller increase, as depicted by green bars in Fig. 2C, and exemplified
by CpG2.15 in Fig. 2D (left). The Am mean of these CpG units (listed as
CpG2.15, CpG3.8, CpG1.20, CpG2.16, CpG2.30, CpG1.13, CpG2.13,
CpG2.20, CpG1.19, CpG2.25, CpG2.17, CpG3.5, CpG3.11, CpG3.7,
CpG2.19, CpG2.24, and CpG2.26), referred to as the “negative change
average,” significantly differed between groups (TAU = 0.006(0.006),
CRT = -0.003(0.005), U = 20, p = 0.002, Fig. 2D right). Conversely,
another subset of CpG units within LC1 exhibited an opposite trend,
showing an increase in methylation levels from baseline to post-
treatment in the CRT group compared to TAU, through an elevation or
asmaller decrease, as indicated by red bars in Fig. 2C and exemplified by
CpG2.22 in Fig. 2E (left). The Am mean of these CpG units (listed as
CpG2.22, CpG2.21, CpG1.8, CpG1.14, CpG2.14, CpG2.8, CpG1.17, and
CpG1.10), referred to as the “positive change average,” also significantly
differed between groups (TAU = -0.005(0.004), CRT = 0.003(0.005), U
=12, p < 0.001, Fig. 2D right). Some of the CpG units included in the
LC1 also presented differences between CRT and TAU groups when
examined individually (Supplementary Table S8).

3.2.2. NRN1 methylation changes over time and cognitive improvement
after CRT

The scores of LC1 exhibited significant differences between patients
showing a better performance after CRT (CRT-I) and the rest of the
sample (encompassing those that did not improved (CRT-NI) or were in
the TAU group), across domains such as attention/vigilance (CRT-NI/
TAU = -1.312(1.421), CRT-I = 1.21(1.168), U = 15.00, p < 0.001),
verbal learning (CRT-NI/TAU = -1.662(1.243), CRT-I = 1.108(1.144),
U = 9.00, p < 0.001), and speed processing (CRT-NI/TAU = -1.05
(1.674), CRT-I = 1.13(1.167), U = 24.00, p = 0.002), as well as in
overall cognitive functioning (CRT-NI/TAU = -1.46(1.36), CRT-1 = 1.15
(1.17), U = 14.00, p < 0.001). Additionally, the “positive change
average” also significantly differentiated CRT-I from the rest of the
sample across attention/vigilance (CRT-NI/TAU = -0.004(0.004), CRT-I
= 0.004(0.005), U = 18, p < 0.001), verbal learning (CRT-NI/TAU =
-0.004(0.004), CRT-I = 0.003(0.006), U = 18, p < 0.001), and global
cognition (CRT-NI/TAU = -0.004(0.005), CRT-I = 0.003(0.005), U =
28, p = 0.006). Conversely, the “negative change average” did not
exhibit significant differences across any cognitive domains (Supple-
mentary Table $9) but did so in total cognition (CRT-NI/TAU = 0.004
(0.007), CRT-I = -0.003(0.005), U = 29, p = 0.008). These findings are

"

visually summarized in Fig. 3.

3.3. Interplay between NRN1 methylation profile and genetic variants on
CRT effects

We identified significant additive effects between LC1 and
159405890 concerning speed processing CRT improvement. Initially, the
first step of the logistic regression revealed significant effects of LC1
(odds ratio OR[95% CI] = 2.570[1.211-5.465], Nagelkerke R?Z= 0.452,
p = 0.014). Subsequently, in the second step, which integrated the 11
SNPs, the optimal model for discriminating between CRT-I and the rest
of the sample comprised LC1 and rs9405890 (LC1 OR[95 % CI] = 4.993
[1.094-22.246], p = 0.038; rs9405890 OR[95 % CI] = 0.016[0-0.853],
p = 0.041). The omnibus test yielded a significant result, indicating the
overall significance of the model (y? = 17.665, p < 0.001). Notably, the
inclusion of rs9405890 significantly improved the model's performance
(Nagelkerke R? = 0.695, p of the change = 0.001). Upon examining the
distribution of rs9405890, we observed that the 83 % of improvers were
C allele carriers, compared to 38 % in the rest of the sample.
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Fig. 3. Box plots illustrating various methylation metrics with £2 standard errors (SE), categorized by cognitive improvement status: individuals undergoing
cognitive remediation therapy (CRT) who showed improvement (CRI-I, dark purple) versus non-improvers (CRT-NI) and those receiving treatment as usual (TAU)
(grouped as CRT-NI/TAU, dark red). The first column shows the latent component 1 (L.C1) scores. The second column displays the mean methylation levels for CpG
units with decreased Am values in the CRT group compared to the TAU group, labeled “negative change average”. The third column presents the mean methylation
levels for CpG units with increased Am values, labeled “positive change average™. Statistical significance is indicated as follows: p < 0.001 ***, p < 0.01 **, p < 0.05
*. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Drawing on insights from animal and human studies emphasizing the
central role of the NRN1 gene in neuronal plasticity and cognition-
related processes, we have investigated its longitudinal changes in pe-
ripheral methylation following cognitive stimulation through CRT. Our
study finds that CRT is associated with NRN1 methylation changes of
specific CpG units that also correlate with improvements in cognitive
performance achieved by the intervention. Additionally, we observe
that incorporating data on genetic variability in NRN1 strengthens this
correlation.

Initially, we evaluated the efficacy of CRT in our sample, noting
significant cognitive improvements in patients undergoing CRT
compared to TAU. These results align with previous studies, including
our own work (Penadés et al., 2024) and other research highlighting
CRT's positive effects on cognitive performance in SZ patients (Garrido
et al., 2017; Reeder et al., 2017; Vita et al., 2021).

Additionally, exploring the idea that CRT-induced cognitive recov-
ery could be linked to changes in peripheral methylation of crucial
genes, particularly those involved in synaptic plasticity, such as RELN
and BDNF (Ho et al., 2020; Penadés et al., 2024), we focused on NRN1
blood methylation shifts. Believing that both broad methylation patterns
and site-specific analyses are crucial for understanding the complex
etiology of SZ, we employed a multi-level strategy, starting with a global
approach (derived from the PLS method) and progressing into more
detailed interpretations.

First, our sPLS-DA model identified methylation changes in a set of
CpG units that efficiently distinguish between CRT and TAU groups.
These results suggest that NRN1 peripheral methylation is dynamic and
responsive to CRT, consistent with previous research on DNA methyla-
tion's responsiveness to behavioral stimuli (Levenson et al., 2006; Miller
and Sweatt, 2007). The component that best differentiated the two
treatment arms, LC1, included both CpG units with increased and
decreased methylation levels post-CRT, indicating that changes in both
directions are relevant to the therapy. To test the robustness of these
patterns and pursuing a deeper understanding of the biological back-
ground of these differential methylation levels, we grouped CpG units
based on whether they showed increased or decreased methylation and
calculated the mean for each group. Both averages differed significantly
between treatment arms, confirming that the observed differences were
not merely data-driven but reflected a potentially meaningful biological
variation.

Subsequently, we explored whether therapy-induced methylation
changes correlated with therapy-derived cognitive enhancement. We
found that CpG units associated with the therapy could also differentiate
between CRT participants who experienced cognitive improvement
from the rest of the patients. This suggests that methylation variability
relates not only to treatment but also to its cognitive benefits. Specif-
ically, LC1 scores and the “positive change average” could distinguish
improvers in attention/vigilance and verbal learning, while improve-
ments in processing speed were correlated with LC1 and not with the
positive or negative averages. Despite these differences in specific do-
mains, overall cognitive functioning was linked to all three methylation
metrics.

By combining these levels of analysis, we found that while both
hypermethylation and hypomethylation are associated with therapy,
CpG units showing increased methylation are linked to cognitive
improvement across more domains than those with decreased

methylation. This seems to suggest that hypermethylation may be more
strongly associated with the cognitive improvements observed after
CRT. This is aligned with previous research reporting that NRNI
methylation differences in SZ were significant only when considering
the combined effect of adjacent CpGs, with hypomethylation across the
locus being more relevant to the disorder than changes at individual CpG
sites (Pidsley et al., 2014).

It is noteworthy that research into DNA methylation and prognosis
following psychological therapy is nascent, with limited findings to date
(Gooding, 2022). As mentioned earlier, previous studies have examined
RELN and BDNF (Ho et al., 2020; Penadés et al., 2024), but none have
explored NRN1 methylation until now, highlighting the novelty of our
focus. Nevertheless, both preceding studies are significant for NRN1, as
animal models show a direct correlation between BDNF and NRN1
expression, with BDNF injections in neonatal rat pups upregulating
NRN1 (Wibrand et al., 2006). Although findings have been inconsistent,
Penadés et al. reported a link between BDNF methylation and cognitive
improvement from CRT and Ho et al. observed this association with
RELN methylation, not BDNF. Then, these previous results, along with
our findings related to NRN1, suggest that changes in peripheral gene
methylation involved in synaptic plasticity may be a key molecular
outcome of CRT and underscore the need for further investigations to
uncover potential biomarkers of CRT effectiveness.

Finally, recognizing that each CpG site could play a distinct role
depending on its genomic context, we attempted to explore the func-
tional implications of NRNI methylation variability. However, this
interpretation is challenging due to two primary factors. First, there is a
current lack of understanding regarding the effects of specific CpG units
on NRN1 gene expression. Second, divergent effects of changes in
methylation levels on expression have been described, induction and
repression, depending on the genomic context (Li and Zhang, 2014;
Rauluseviciute et al., 2020). However, to gain insight into this issue, we
employed the UCSC Genome Browser and accessed data from the
Encyclopedia of DNA Elements (ENCODE) project and the Open Regu-
latory Annotation (ORegAnno) database. This approach facilitated the
identification of regulatory elements overlapping with CpG units within
LC1 (Supplementary Table S10). The presence of enhancer regions,
DNase I hypersensitive sites, and histone marks such as H3K27me3,
H3K4mel, and H3K36me3, along with target regions for various tran-
scription factors (TF), highlight the potential role of these CpG units in
gene expression control and chromatin accessibility. Focusing on the
CpG units categorized under the “positive change average”, which are
particularly interesting for their association with cognitive improvement
across multiple domains, many of them may influence the interaction of
numerous TF previously implicated in SZ. CpG1.8 is a potential target
for ZNF816, differentially expressed in the blood of twins discordant for
depression (Zhu et al., 2019), and NFKB1, whose variants are linked to
SZ risk and antipsychotic response (Long et al., 2022). CpG1.10 may
affect FOXO1, sensitive to olanzapine in postmortem brain and blood
(Gu et al., 2021), and ELK1, differentially expressed in blood samples
from patients with SZ (Sanders et al., 2013). CpG1.17 might alter the
union of ZIC2, differentially expressed in early-onset SZ cases (Xu et al.,
2016) and causing SZ-like phenotypes in mutant mice (Hatayama et al.,
2011). CpG2.8 might modulate the affinity of NRF1, reduced in the
cortex of subjects with SZ (McMeekin et al., 2016). Finally, CpG2.14,
CpG2.21 and CpG2.22 might change the effects of EGR1, an immediate
early gene expressed in response to stress and genetically associated
with SZ (Marballi and Gallitano, 2018). Therefore, we can speculate that
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methylation changes in these CpG units might be directly impacting
NRN1 expression through the regulation of the affinity of different TF.

Expanding the focus on NRN1 beyond the human-based evidence,
research on cellular and animal models within the central nervous sys-
tem has also shown a growing interest in NRN1 as a potential target for
cognitive therapies like CRT. Increased Nrnl expression is linked to
enhanced cognitive performance in mice, including improved spatial
learning, memory recovery after ischemia-reperfusion injury, better
neurological scores after traumatic brain injury, and reduced cognitive
impairments in Alzheimer's models (Liu et al., 2018; Reshetnikov et al.,
2020; Wan et al, 2020). Additionally, NRNI responds to neuro-
therapeutic agents such as electroconvulsive therapy, fluoxetine, and
clozapine, which alter its expression through epigenetic pathways his-
tone deacetylations (Alme et al., 2007; Park et al., 2014). The findings
from these studies, along with our results, advocate for further investi-
gation into NRN1 as a therapeutic target in SZ. However, caution is
necessary when extrapolating our findings, given that the association
between NRN1 methylation and CRT-induced cognitive improvements
is based on peripheral samples. Notwithstanding, recent evidence sug-
gests that psychotherapy can influence neuronal methylation, with these
changes potentially being reflected in the blood (Quevedo et al., 2022;
Turecki and Meaney, 2016).

Lastly, as literature suggests that the outcomes of psychological
therapies may be influenced by both methylation and genetic variability
(Bosia et al., 2014; Penadés et al., 2018; Spangaro et al., 2018), we
expanded our analysis to examine genotypic variability and its interplay
with methylation data. While previous studies reported the genetic-
epigenetic interplay of FKBP5 in response to cognitive behavioral ther-
apy for anxiety (Roberts et al., 2019), our genotyping analyses suggest
that NRN1 polymorphisms additively, rather than interactively,
contribute to cognitive improvement after CRT. We observed additive
effects between LC1 and the rs9405890 allele on processing speed
improvement following CRT. Our results further suggested that carriers
of the C allele may have a higher likelihood of improving processing
speed after CRT. This aligns with previous studies linking the C-A alleles
of the 1s9405890-rs14755157 haplotype to better cognitive function and
later onset of SZ (Chandler et al., 2010; Fatjo-Vilas et al., 2016). This
result suggests that, although cognitive therapies might exert their ef-
fects through plastic changes in methylation, the genetic variability of
the individual also plays an important role in the response.

This study has several limitations, including a relatively small sample
size, which may impact the replication of the sPLS-DA model results.
However, we addressed this issue by employing a rigorous approach,
incorporating leave-one-out cross-validation (LOOCV) at each stage of
the modeling process, and reducing the number of features using the
LASSO penalty. Despite the favorable performance metrics obtained,
they may not be sufficient to accurately predict treatment responders
versus non-responders, suggesting that the inclusion of additional
markers or genes may be necessary to enhance the search for reliable
biomarkers. Furthermore, our sample size may limit the power to detect
SNP effects, their interactions with methylation, and potential sex-
specific differences. Nonetheless, our sample size is comparable to
other studies utilizing latent component approaches in schizophrenia
research with similar biological data (Carvalho et al., 2024; Fernandez-
Egea et al., 2016; Hashimoto et al., 2018). While our results are prom-
ising, they emphasize the need for larger studies to further elucidate the
role of methylation changes in NRN1 during cognitive interventions.
Additionally, patients were on antipsychotic medication, which, despite
adjustments, remains a potential confounding factor. Besides, other
environmental factors, along with the tissue-specific and time-
dependent nature of methylation processes, pose challenges. Also,
while peripheral methylation levels do not directly reflect central ner-
vous system methylation, peripheral DNA is necessary for biomarker
studies in living patients. Lastly, our findings are limited to associations
between SNP/methylation levels of one gene and CRT effects on
cognitive improvement, but these results should be viewed in the
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context of the complex interactions among multiple genes and envi-
ronmental factors influencing cognitive functioning.

In conclusion, we found an association between CRT and changes in
NRN1 peripheral methylation, with cognitive improvements linked to
these changes. Moreover, incorporating data on NRNI genetic vari-
ability strengthens this correlation. Parallelly, while not our primary
focus, our study adds to the widely accepted notion that cognitive
remediation is an effective treatment for enhancing cognitive func-
tioning in SZ. Thus, our integrated model, incorporating genetics, epi-
genetics, and cognition, advances the comprehension of CRT response
variability and suggests NRN1 as a potential peripheral biomarker for
assessing CRT effectiveness.
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5. Summary of the Results




The three proposed hypotheses were explored through aligned objectives, organized
into sections, which resulted in the four articles presented, with their results summarized
below.

In relation to HYPOTHESIS 1 “NRNI genetic variability will be associated with an
increased risk of schizophrenia, particularly in early-onset forms of the disorder. The
neurobiological basis of this association will be evidenced by the role of NRNI1 gene in the
functional and structural brain differences observed in patients compared to healthy subjects
and also by its modulation of clinical manifestations. In addition, these effects will be further
shaped by epistatic effects between NRN1 and other molecularly related genes, such as BDNF
and CACNA1C”, the objectives and results were organized into section [.

Section 1: The role of NRN1 genetic variability in schizophrenia risk, intermediate phenotypes,

clinical expression, and its interactions with related genes

The two specific objectives delineated resulted in two scientific articles:

LI. Almodévar-Payéa C, et al. VRNI gene as a potential marker of early-onset
schizophrenia: evidence from genetic and neuroimaging approaches. Int J Mol Sci.
2022 Jul 5;23(13):7456. doi: 10.3390/1jms23137456.

LII. Almodévar-Paya C, et al. NRNI epistasis with BDNF and CACNAIC:
mediation effects on symptom severity through neuroanatomical changes in
schizophrenia.  Brain = Struct  Funct. 2024  Jun;229(5):1299-1315.  doi:
10.1007/s00429-024-02793-5.

In these two scientific articles, the following results have been obtained:

L.I. We identified a NRN1 three-SNP haplotype, including rs3763180, rs10484320,
and rs4960155, that was associated with the risk for early-onset schizophrenia
spectrum disorders (EO SSD) in two independent samples (case-control and
family-based). In EO families, the GCT haplotype was significantly under-
transmitted from parents to affected offspring. In the case-control sample, the G
allele of rs3763180, the T allele of rs10484320, and the T allele of rs4960155 were
significantly associated with EO SSD under an additive model. Similarly, the GT'T
haplotype was more frequent in individuals with EO SSD, while the TCC
haplotype was more prevalent in controls, supporting the SNP-based findings. No
associations were found between NRN! variability and adult-onset SSD risk in
any allelic, genotypic, or haplotypic analyses. Additionally, in the neuroimaging
genetics approach, a significant interaction between diagnosis and the GTT
haplotype was observed in the 2-back vs. 1-back contrast in a cluster located in
the superior and middle frontal gyrus, regions of the dorsolateral prefrontal cortex
(DLPFC). EO patients without the risk haplotype showed increased activity in this
cluster from 1-back to 2-back contrasts, whereas those carrying the risk haplotype
exhibited a decrease in cluster activity.



LII. We did not find any epistatic effects between NRNI and BDNF-rs6265 or
NRN1 and CACNA1C-rs1006737 on schizophrenia risk. However, we identified a
significant gene-gene combined effect of NRNI-rs10484320 and BDNF-rs6265 on
PANSS general psychopathology scores, and a notable NRNI-rs4960155 x
CACNA1C-rs1006737 interaction on GAF scores. Additionally, we observed
several significant NRN1 x BDNF-rs6265 interactions affecting the cortical surface
area in frontal, parietal, and temporal regions, as well as cortical volume in frontal
regions. Similarly, NRN! x CACNAIC-rs1006737 interactions significantly
influenced the cortical surface area of temporal regions and cortical volume in
frontal regions. Finally, we observed that the NRNI-rs10484320 x BDNF-rs6265
epistasis in the left lateral orbitofrontal cortex fully mediated the effect on PANSS
general psychopathology.

Regarding the HYPOTHESIS II “NRN! methylation and expression levels in the brain will
be correlated and will differ between individuals with schizophrenia and control subjects. These
differences will be modulated by antipsychotic treatment and influenced by genetic variability
within the locus”, the objectives and results were organized into section II.

Section II: Brain NRN1 genetic, epigenetic, and expression correlates and the modulatory effect

of antipsychotic treatment

The specific objective delineated resulted in one scientific article:

II. Almodévar-Payd et al, 2024. Clozapine-related brain NRN! expression
patterns are associated with methylation and genetic variants in schizophrenia.
Submitted for peer review in an indexed journal.

In this scientific article, the following results have been obtained:

II. We found that clozapine-treated schizophrenia patients had lower NRNI
mRNA levels in the prefrontal cortex compared to both anti-psychotic free
schizophrenia patients and controls. Additionally, clozapine-treated schizophrenia
patients presented distinct methylation patterns across multiple CpG units in both
regions compared to controls, while untreated patients exhibited a pattern closer
to controls. Using sparse Partial Least Squares-Discriminant Analysis (sPLS-DA),
which combines dimensionality reduction, feature selection, and classification,
we identified three latent components in the prefrontal cortex and two in the
hippocampus differentiating between clozapine-treated patients and controls,
with both regions achieving a classification error rate of 0.28, validated through
Leave-One-Out Cross-Validation (LOOCYV). The most discriminative component
in both models, LC1, included CpG units with both increased and decreased
methylation levels, suggesting that changes in both directions contributed to
group differences. However, the CpG units differentiating the groups varied
between the two brain regions, indicating distinct NRN1 epigenetic patterns. In
the prefrontal cortex, the CpG units differentiating clozapine-treated



schizophrenia patients from controls, particularly those in LC1 and the subset
showing decreased methylation, were correlated to NRN! expression in that
region. Lastly, we found that genetic variability within the NRN/ locus influenced
these effects, as the impact of LC1 and the subset showing decreased methylation
in clozapine-treated patients on expression was enhanced by considering the
NRN1-rs12333117 and NRN1-rs2208870 polymorphisms.

Concerning the HYPOTHESIS III “NRNI peripheral epigenetic changes following
Cognitive Remediation Therapy (CRT) will be associated with cognitive improvements, with this
effect further influenced by genetic variability within the locus”, the objectives and results were
organized into section III.

Section III: The impact of NRN1 genetic variability and peripheral epigenetic changes on

cognitive improvements following Cognitive Remediation Therapy (CRT)

The specific objective resulted in one scientific article:

I1I. Almodévar-Payd et al. NRN! genetic variability and methylation changes as
biomarkers for cognitive remediation therapy response in schizophrenia. Prog
Neuropsychopharmacol — Biol ~ Psychiatry. 2024  Oct  17:111175.  doi:
10.1016/j.pnpbp.2024.111175. Epub ahead of print.

In this scientific article, the following results have been obtained:

I1I. We initially evaluated the efficacy of CRT in our sample and found significant
cognitive improvements in patients undergoing CRT compared to those receiving
TAU. Furthermore, we identified significant differences in VRN! methylation
across multiple CpG units between the two treatment arms, suggesting that NRN1
peripheral methylation is dynamic and responsive to CRT. Using sparse Partial
Least Squares-Discriminant Analysis (sPLS-DA), which combines dimensionality
reduction, feature selection, and classification, we identified two latent
components that differentiated CRT from TAU, achieving a classification error
rate of 0.28, validated through Leave-One-Out Cross-Validation (LOOCYV). Within
the most discriminative component, LC1, we identified CpG units with both
increased and decreased methylation levels post-CRT, highlighting that
methylation changes in both directions play a role in the therapy's effects.
Additionally, CpG units associated with therapy were linked to cognitive
improvements, with LC1 and the subset of CpG units showing increased post-
therapy methylation distinguishing CRT responders from the rest of the patients
across multiple cognitive domains, suggesting that hypermethylation may play a
more prominent role in the therapy's effects. Lastly, we demonstrated that genetic
variability within the NRNT locus influenced these effects, as the impact of LC1
on speed processing improvement after CRT was enhanced when accounting for
the VRN 1-rs9405890 polymorphism.



6. Discussion




Framework of the present thesis

This thesis is grounded in the field of psychiatric genetics and aims to advance our
understanding of the complex etiological factors contributing to schizophrenia. As a
multifaceted disorder, schizophrenia imposes substantial personal, economic, and social
burdens. Despite significant advancements in research, the precise causes and
pathophysiological mechanisms remain largely elusive, and, importantly, no reliable
biological markers have been identified to guide diagnosis or treatment. Consequently,
current therapeutic approaches are often accompanied by considerable side effects and
demonstrate variable efficacy across patients.

While it is true that the past decade has seen considerable progress in unraveling the
genetics of schizophrenia, primarily due to large-scale consortia and whole-genome
studies, these efforts face a significant challenge in addressing the clinical heterogeneity
of the disorder. Additionally, while these studies are not hypothesis-driven and allow for
the identification of genes and molecular pathways with high statistical power, they are
not directed to explain how these genes modulate the phenotype. To address this, it is
essential to work with more homogeneous patient samples and to explore how these
genetic variants contribute to the disorder beyond their statistical association with
disease risk.

We have approached this challenge by using intermediate phenotypes in the study of
the NRN1 gene, which serves as a key example of genes implicated in schizophrenia due
to its dual role in brain development and synaptic plasticity in the mature brain. Our
approach involved an integrative study combining molecular and neuroimaging
techniques, offering a comprehensive perspective on how NRNI may contribute to the
disorder.

The state of the art before the thesis

Prior to this thesis, substantial knowledge about the role of VRN! in the brain was
established, primarily through animal and cell-based studies, as detailed in the
introduction. In summary, NRN! is known to regulate apoptosis in proliferative neurons,
promote neuronal migration and synaptic maturation, modulate neurite outgrowth during
differentiation, stimulate dendritic arbor growth, stabilize active synapses, and regulate
synaptic plasticity (Zhou & Zhou, 2014). Furthermore, its neuroprotective properties
were demonstrated in several studies. For example, overexpression of NRNI rescues
muscular atrophy in zebrafish by protecting neuromuscular axons, promotes axonal
regeneration after facial nerve injury in hamsters, and enhances axonal regeneration and
restores hindlimb function following spinal cord injury in rats through exogenous
application (Shimada et al., 2013).

More importantly, there was also compelling evidence supporting the role of NRN1 in
psychiatric disorders. In animal models, increased Nrn! expression has been linked to
reduced cognitive impairments in Alzheimer’s models, while decreased expression has



been associated with depression (An et al., 2014; Son et al,, 2012). Additionally, Nrn!
responds to neurotherapeutic interventions, such as electroconvulsive therapy and
fluoxetine, which modulate its expression through epigenetic mechanisms, including
histone deacetylation (Alme et al., 2007; Dyrvig et al.,, 2014; Newton et al., 2003; Park et
al,, 2014). Even more significantly, human studies have implicated the NRNI gene in
mental disorder risk, early onset of symptoms, and cognitive deficits in patients (Chandler
et al, 2010; Fatjo-Vilas et al., 2016). Additionally, it emerged as one of the most
differentially methylated genes in the prefrontal cortex of schizophrenia patients
compared to controls (Pidsley et al., 2014).

Moreover, during the course of the present thesis, further studies appeared
emphasizing the role of VRN in cognition. For example, increased Nrnl expression has
been linked to improved cognitive performance in mice, including enhanced spatial
learning, memory recovery after ischemia-reperfusion injury, and better neurological
outcomes following traumatic brain injury (Liu et al., 2018; Reshetnikov et al., 2020; Wan
et al, 2020). Simultaneously, evidence from human post-mortem prefrontal cortex
samples supports these findings, showing that NRN1 is among the most highly expressed
proteins in elderly individuals with cognitive resilience, further suggesting a
neuroprotective role for NRNI (Hurst et al., 2023; Yu et al., 2020).

Despite progress, significant gaps remained in our understanding of the role of NRN?
in schizophrenia, and the precise mechanisms through which it contributed to the onset
and progression of the disorder had yet to be fully clarified. Among other questions, we
lacked detailed information on whether NRN! exhibited altered expression in
schizophrenia, which regulatory mechanisms might be involved, and whether NRN1 or
its pathways were associated with alterations in brain structure or function, or in clinical
presentation. Additionally, it was still unclear whether VRN could influence the response
to specific treatments. Our work has contributed to addressing these gaps, which is
crucial for improving our understanding of the role of VRN in the disorder and for
translating genetic findings into effective diagnostic and therapeutic strategies.

Contributions of the thesis to the field of psychiatric genetics
With a focus on NRN1

To investigate the role of NRN! in schizophrenia, in this thesis we adopted a multilevel
approach, which resulted in four articles reflecting the progression of our efforts clarifying
this complex issue. First, we assessed whether genetic variants of VRN were associated
with schizophrenia risk and related phenotypes, including neuroimaging and clinical
traits. We then explored whether these effects were modulated by other genes potentially
involved in NRNI molecular networks. Next, building on these promising findings, we
expanded our analysis to post-mortem brain samples to determine whether the observed
effects on neuroimaging and symptoms profile were driven by differences in brain



expression, methylation, and genetic variability. Finally, we explored whether changes in
peripheral NRNI methylation, along with individual genetic variability, could account for
differences in response to cognitive remediation therapy.

Then, our first objective was to investigate the extent to which common DNA
sequence variants in the NRN! gene influence the modulation of schizophrenia
phenotypes. To achieve this, we utilized genetic association approaches, including both
family-based and case-control designs. In addition, we examined genotypic effects using
multiple strategies, ranging from single-SNP analyses to more complex models, such as
additive genetic effects through haplotype structures involving multiple SNPs within
NRNI1, as well as gene-gene interactions by assessing epistasis between NRN! variants
and those of its putative molecular interactors. Additionally, we explore their impact, not
only in relation to clinical outcomes, but also to neuroimaging phenotypes.

Thus, our initial two publications show that the NRN! polymorphic variability,
independently and in combination with BDNF-rs6265 or CACN1C-rs1006737, is closely
linked to the clinical heterogeneity observed in schizophrenia-spectrum disorder patients.

On the one hand, by integrating family-based and case-control analyses, we identified
that three SNPs, rs3763180, rs10484320, and rs4960155, either individually or as part of
distinct haplotypes, that were associated with early-onset schizophrenia, displaying both
protective and risk-enhancing effects. The GCT and TCC haplotypes appeared
protective, being under-transmitted to early-onset cases and more common in controls,
while the G, T, and T alleles, as well as the GTT haplotype, were associated with higher
risk, being more frequent in early-onset cases. Our results added to a preceding work
exploring the association of NRNI with schizophrenia-spectrum disorders that also
detected different haplotypes involving these SNPs with age at onset (Fatjo-Vilas et al.,
2016). Although the specific alleles involved differed between this study and ours, this
discrepancy likely stems from variations in sample populations and methodologies. Our
research compared early-onset cases to controls, whereas the previous study used an
intra-patient approach, treating age at onset as a quantitative trait. Despite this, both
studies importantly highlight the significance of this genomic region in influencing the
age of onset in schizophrenia, underscoring it as a key area for understanding the more
severe forms of the disorder with poorer prognosis. Notably, different studies have linked
another gene in this region, Dysbindin-1, either independently or in interaction with
NRN1, to both schizophrenia risk and early-onset forms of the disorder (Fatjo-Vilas et al.,
2011; Prats et al., 2017).

On the other hand, following an intra-patient analysis, we identified a significant
interaction between VRN 1-rs10484320 and BDNF-rs6265 that influenced PANSS general
psychopathology, which includes symptoms like anxiety, guilt, tension, depression, and
disorientation (Kay et al., 1987). Additionally, we found a significant interaction between
NRNI1-rs4960155 and CACNAI1C-rs1006737 that affected GAF scores, which assess
personal, social, and psychological functioning (Endicott et al., 1976). These findings



extend prior research on the interaction between NRN! and BDNF in schizophrenia-
spectrum disorders risk and age at onset, while also offering new insights by examining
epistasis in symptomatology, making this the first study to explore the interaction with
CACNAIC (Fatjo-Vilas et al, 2016). Although our data does not align with previous
findings of an epistatic association between NRNI and BDNF with increased risk for
schizophrenia-spectrum disorders, this discrepancy may stem from differences in
diagnostic criteria, as the earlier study used a broader diagnostic framework.
Nonetheless, our results still emphasize the clinical relevance of the well-established
molecular interaction between NRNI and BDNF. As regards to such interaction, BDNF
binds to the TrkB receptor in the synaptic cleft, activating the transcription factor CREB,
which then attaches to the NRNI promoter in vivo (Fujino et al., 2003). This process
drives functional and structural neuronal changes, ultimately consolidating long-term
synaptic plasticity (Kaldun & Sprecher, 2019). Moreover, animal studies further support
this connection, showing that injecting Bdnf into neonatal rat pups increases Nrnl
expression in vivo (Wibrand et al., 2006). In addition, our study supports the molecular
link between NRNI and CACNAIC and provides new evidence suggesting its potential
significance to functional impairments in schizophrenia. In this case, the expression of
the VRNI in the prefrontal cortex through its signaling pathway mediated through the
insulin receptor and ERK signaling pathways enhances synaptic transmission by
increasing the surface expression of CaV1.2, CaV1.3, and CaV3.3 channels, which are
essential for long-term potentiation in the processes of learning and memory (Lu et al.,
2017; Yao et al., 2012; Zhao et al., 2018).

Nevertheless, given the complex etiology, pathophysiology and clinical heterogeneity
of schizophrenia, it is unlikely that the genetic background directly influences the clinical
presentation of the disorder. Instead, genetic networks may modulate fundamental traits
that subsequently drive the manifestation of symptoms (Glahn et al., 2010; Meijer et al.,
2021). Therefore, building on previous research, we suggest that breaking down
schizophrenia into biologically validated and stable trait markers, such as brain structural
measures, and investigating their role in mediating symptoms could lead to a clearer
understanding of the disorder (Kirschner et al., 2020; Miranda et al., 2019; Sudre et al.,
2020). This approach may help connect genetic variability related to synaptic plasticity
with the diverse and intricate clinical manifestations of the disorder.

From one perspective, to investigate the neurobiological implications of genetic
variants linked to increased risk for early-onset schizophrenia, given the clinical
characteristics of these patients, we used functional MRI with the n-back task in a
matched case-control subset to assess the role of NVRN! variability on a cognitive
dimension particularly affected in schizophrenia, the working memory (Wu & Jiang,
2020). Our findings showed that the GTT risk haplotype (VRN rs3763180-rs10484320-
rs4960155), associated with earlier onset, is linked to altered performance and brain
activity during the N-back task. On the one side, early-onset patients exhibited different
dorsolateral prefrontal cortex activity compared to controls, particularly when



transitioning from low to high memory-load conditions. Concretely, while controls
showed stable activity in this region regardless of task difficulty and haplotype, early-
onset patients with the risk haplotype exhibited reduced activity under increased load.
On the other side, performance data also revealed that controls performed consistently
well, while early-onset patients with the risk haplotype performed worse than those
without it at low memory loads. Interpreting these results requires understanding that
sustained frontoparietal activation supports high memory loads, while dorsolateral
prefrontal activation is linked to the cognitive effort needed to execute the task correctly
(Riley & Constantinidis, 2016; Thomas et al,, 2021). Therefore, the combination of
reduced activation under rising task demands and lower performance at low memory
loads in early-onset patients with the risk haplotype suggests that their peak activation
and performance may be reached at a lower cognitive load compared to early-onset
patients without the haplotype, who appear able to recruit additional prefrontal resources
as task demands increase. These findings are consistent with two previous studies
demonstrating the modulatory effect of VRIVI polymorphisms, both within our identified
haplotype and others, on premorbid and current intelligence quotient in schizophrenia
(Chandler et al., 2010; Fatjo-Vilas et al., 2016). Consequently, our results contribute new
evidence by indicating that this cognitive impact of VRN! polymorphisms may be driven
by their influence on brain activity.

From the other part, due to the observed epistatic interactions between NRNI and
BDNF or CACNA1C on symptomatology, we decided to investigate the impact of these
gene combinations on brain structure within patients, with the goal of demonstrating the
mediation effect of the brain on these symptoms. Our findings suggest that interactions
between NRNI! SNPs and BDNF-rs6265 affect cortical volume and surface area in
multiple brain regions, including the bilateral orbitofrontal cortex, left caudal middle
frontal cortex, right lateral occipital cortex, left pars opercularis, and right postcentral
gyrus. Our findings showed that the interaction between NRN-rs10484320 and BDNF-
rs6265 modulated the volume of the left lateral orbitofrontal cortex, while the rs4960155
and BDNF-rs6265 interaction influenced the cortical surface area and volume of the left
caudal middle frontal cortex. Additionally, other NRNI SNPs, such as rs2208870, in
combination with BDNF-rs6265, modulated the surface area of the right lateral occipital
cortex, and rs9379002 interacted with BDNF-rs6265 to affect both the cortical surface
area of the left pars opercularis and right postcentral gyrus, as well as the surface area
and volume of the right lateral orbitofrontal cortex. However, from all those epistatic
interactions affecting the brain, the one involving NRN1-rs10484320 and BDNF-rs6265
emerged as the most interesting, as it fully mediates the effect observed in PANSS general
psychopathology. Specifically, patients with the lowest PANSS general psychopathology
scores, specifically those with NRNI-rs10484320 CC and BDNF-rs6265 ValVal
genotypes, also had the smallest left lateral orbitofrontal volume. We chose to explore
the epistatic effects on brain structure due to its influence on symptomatology, rather
than cognition, and the limitations of functional MRI, which primarily captures brain



activity in response to specific tasks (Riley & Constantinidis, 2016; Thomas et al., 2021).
Understanding structural findings, however, requires recognizing the close relationship
between structure and function. While structural organization governs neurotransmitter
release and functional networks, brain activity, in turn, reshapes structure over time
through neuroplasticity. For instance, research consistently shows that the resting-state
network, a dynamic system, largely reflects underlying structural connectivity, indicating
that structural changes can profoundly impact brain function, influencing mood,
cognition, and symptom expression (Wang et al., 2020). Therefore, given the roles of the
studied genes in neurodevelopment, our findings suggest that specific epistatic
interactions may influence early brain formation, resulting in structural changes that
subsequently modulate symptom manifestation. Interestingly, proteomic studies of the
prefrontal cortex have linked NMDA receptor hypofunction and disruptions in Ca2+
homeostasis to orbitofrontal volume changes in schizophrenia (Nascimento & Martins-
de-Souza, 2015; Velasquez et al., 2019). This is particularly relevant to NRN1, as NMDA
receptor-mediated neurotransmission and plasticity are influenced by the BDNF-rs6265
genotype, especially in the hippocampus and infralimbic medial prefrontal cortex, and
simultaneously regulate VRN expression in the cortex through Ca2+ signaling. At the
clinical level, reducing glutamatergic neurotransmission with NMDA receptor antagonists
induces or exacerbates psychotic symptoms, highlighting the critical role of this pathway
in the development of schizophrenia symptoms (Krystal et al., 1994). As a result, both
neurotrophic factors, NRN! and BDNF, could influence the molecular pathways
responsible for the volumetric changes in the left lateral orbitofrontal cortex, with these
changes being behaviorally manifested in general psychopathology.

At this stage, we questioned whether our findings might be driven by differences in
NRN1 brain expression and methylation influenced by individual genetic variability. To
explore this, we extended our analysis to post-mortem brain samples. Given the known
impact of antipsychotics on the brain and previous animal studies suggesting that various
drugs can modulate VRN expression, we conducted the analysis by dividing patients
based on the presence of clozapine in their bloodstream at the time of death, as well as
those without any medications.

Hence, our third article showed unique VRN epigenetic-expression correlations in
the prefrontal cortex of clozapine-treated patients compared to controls, further
influenced by NRN1 polymorphisms, highlighting brain region-specific NRN! alterations
in schizophrenia.

Clozapine-treated patients exhibited reduced expression of NRN! in the prefrontal
cortex compared to both controls and antipsychotic-free schizophrenia patients. This
finding is particularly noteworthy, as VRN plays a direct role in regulating synaptic
plasticity in the prefrontal cortex (Lu et al, 2017; Yao et al, 2012; Zhao et al.,, 2018).
Interpreting these results in the context of prior studies is challenging, as ours is the first
to investigate the INRINI expression specifically in post-mortem brain samples from



schizophrenia patients. Nonetheless, a previous study on transcriptomic profiles of the
prefrontal cortex in schizophrenia patients may offer some context, as it identified two
distinct molecular subgroups: one resembling the controls and another markedly
different, with VRN downregulated in the latter group. Yet, comparing our findings to
that study is complicated because the authors did not account for the medication status
of the patients (Bowen et al., 2019). Notwithstanding, in our study we also examined the
expression levels of UMHK]I, another synapse-related gene sensitive to clozapine, that
similarly to NRN! showed reduced expression in the prefrontal cortex of clozapine-
treated patients compared to controls, with no such reduction observed in the
hippocampus (Rizig et al., 2012). Thus, our results provide new evidence suggesting that
the reduced VRN expression in the prefrontal cortex of schizophrenia patients may be
specifically associated with, or at least more pronounced under, clozapine treatment.

Next, building on previous evidence identifying VRN as one of the top differentially
methylated genes in the prefrontal cortex of patients with schizophrenia, we explored
NRNI methylation using a strategy that examined both global patterns and specific CpG
sites. To address the intercorrelations and multicollinearity among CpG units, we applied
a sparse Partial Least Squares method, allowing for dimensionality reduction, feature
selection, and classification to identify methylation differences between groups, thereby
enhancing the clinical relevance of the results compared to other dimensionality
reduction techniques that do not account for sample labels. We found that patients with
schizophrenia not treated with antipsychotics showed a methylation pattern similar to
controls in both brain regions, while clozapine-treated patients exhibited a distinctly
different profile. In the clozapine group, the most discriminant component included both
hyper- and hypomethylated CpG units compared to controls. However, when grouped
by the direction of methylation changes, only the hypomethylated CpG units showed a
significant difference between patients and controls in both brain regions, suggesting that
lower methylation may play a more prominent role in clozapine-treated patients in these
brain areas. Interestingly, our findings from the prefrontal cortex globally align with the
previously identified hypomethylated region (chr6:59992669-6006917) in the NRNI gene
body, as reported in the mentioned whole-methylome study and further suggest that this
hypomethylation may be specific to clozapine-treated patients (Pidsley et al., 2014).

But more importantly, our study provides novel insights by identifying the correlation
between NRN! expression and methylation, encompassing both the component and
average of the hypomethylated CpG units, in the prefrontal cortex but not in the
hippocampus. These findings converge with previous research in animal models, which
used a hypothesis-driven approach focused on early-immediate genes or genes related
to plasticity, suggesting that INRNI is responsive to neurotherapeutic agents. For
instance, both acute and chronic electroconvulsive therapy have been shown to enhance
N1 expression in the hippocampus, while chronic fluoxetine treatment similarly
increases its levels, following a brain region-specific pattern, particularly in the prefrontal
cortex and hippocampus (Alme et al., 2007; Dyrvig et al,, 2014; Newton et al., 2003).



However, contrasting evidence from another study suggests that repeated
electroconvulsive seizures can upregulate histone deacetylases in the rat frontal cortex,
which target the downregulation of genes related to NMDA receptor signaling, including
Nrnl (Park et al., 2014). Thus, our findings add new evidence from human post-mortem
brain samples, showing that patients with schizophrenia treated with clozapine, likely
reflecting chronic treatment, exhibit changes in methylation and a reduction in NRN?
expression.

However, clozapine treatment is generally reserved for patients with persistent
positive symptoms despite two adequate trials of other antipsychotics, categorizing them
as treatment-resistant and possibly representing an etiological subgroup with unique
biological characteristics (Howes et al., 2016). This perspective is supported by theories
suggesting dopamine regulation abnormalities, such as hypersensitivity, baseline
dopamine differences, and increased striatal dopamine synthesis and release probably
due to disrupted GABA and glutamate balance, which overstimulates dopamine activity
resulting in the positive symptoms of schizophrenia (Potkin et al., 2020). In addition,
genome-wide studies associate NMDA receptor-related genes with this subgroup
(Ruderfer et al., 2016). In parallel, animal studies have shown that clozapine treatment
enhances NMDA receptor activation and, through its antagonist effect at dopamine D4
receptors, leads to upregulation of AMPA receptors (Tanahashi et al., 2012; Veerman et
al., 2014). These genetic and molecular links are especially relevant to NRNI, as its
expression is influenced by NMDA pathways, and it has been shown to facilitate the
recruitment of AMPA receptors to synapses (Cantallops et al., 2000; Fujino et al., 2003).
Consequently, our research may also contribute to understanding the etiological basis of
this subgroup, providing insights that could refine treatment approaches and guide the
development of novel therapeutic options.

Having come this far and based on promising evidence linking VRN to cognitive
resilience, we then decided to explore the potential clinical applicability of our findings
by investigating whether peripheral VRN methylation could be modulated by cognitive
therapy, potentially serving as a biomarker for response to cognitive remediation therapy.

As a result, our fourth article highlights VRN/ methylation changes in patients
undergoing cognitive remediation therapy compared to those receiving standard
treatment. More importantly, our findings showed that these methylation changes were
also linked to therapy response, with the association strengthened when incorporating
the 19405890 polymorphism into the model.

In this case, to explore methylation changes, calculated by subtracting pre-treatment
values from post-treatment values, we followed the same statistical approach used in the
third article. Our results, derived from sparse partial least square discriminant analysis,
identified methylation changes in a set of CpG units that effectively distinguished
between patients undergoing cognitive remediation and those receiving standard
treatment. These findings suggest that NRNI peripheral methylation is dynamic and



responsive to cognitive remediation therapy. Additionally, we found that CpG units
associated with the therapy could also differentiate between CRT participants who
experienced cognitive improvement from the rest of the patients, specifically global
methylation changes and the average of CpG units experiencing an increase methylation
level after the therapy, suggesting that methylation variability relates not only to treatment
but also to its cognitive benefit. These results are difficult to interpret in the light of
previous literature, as research into DNA methylation and prognosis following
psychological therapy is nascent, with limited findings to date, and but none have
explored IVRNI methylation until now (Gooding, 2022). However, previous studies,
including one from our group, have identified peripheral methylation changes linked to
cognitive improvement in synaptic plasticity genes, such as BDNF and RELN (Ho et al.,
2020; Penadés et al., 2024).

The inclusion of only treatment-resistant patients in this study, all of whom were
treated with clozapine, further supports the potential of NRN! as a biomarker for this
distinct etiological subgroup with specific biological characteristics.

Although our results are challenging to interpret due to being derived from peripheral
blood samples, expanding our findings to data from the central nervous system reveals
increasing interest in NRN1 as a candidate for cognitive therapies. In animal models, Nrn1
has shown a protective role in various neurological conditions. In traumatic brain injury,
Nrnl1 injections into the injured rat cortex improved neurological scores, repaired
neurons, and protected cortical cells from apoptosis (Liu et al., 2018). Similarly, in mice
model of Alzheimer’s disorder, brain infusion of recombinant Nrnl rescued deficits in
hippocampal long-term potentiation (An et al, 2014). Furthermore, transgenic mice
overexpressing Nrnl exhibited reduced hippocampal apoptosis, increased neuron
survival, and enhanced recovery of spatial learning and memory after transient global
ischemia (Wan et al., 2020). Supporting its role in cognitive function, RNA-seq analysis of
high-performing mice in the Morris water maze revealed elevated expression of genes
involved in glutamatergic transmission and long-term potentiation, including Nrn1 and
its associated AMPA receptor signaling, which is crucial for memory (Reshetnikov et al.,
2020). In neurons cultured with AB42, NRN1 blocks AB42-induced dendritic spine
degeneration and protects against neuronal hyperexcitability. Furthermore, NRN?
treatment induces changes in the neuronal proteome linked to a broad range of synaptic
functions and interacts with proteins associated with cognitive resilience in the human
brain (Hurst et al., 2023). On the other hand, proteomic studies conducted on human
post-mortem brain samples from elderly individuals with cognitive resilience or those
asymptomatic for Alzheimer's disease have identified VRNV as one of the top proteins
associated with resilience, using hypothesis-free correlation networks (Hurst et al., 2023;
Yu et al,, 2020).

Overall, these results contribute significantly to the understanding of schizophrenia by
providing a deeper insight into the molecular mechanisms underlying the disorder's



clinical heterogeneity. The identification of VRN! variability, both independently and in
combination with key polymorphisms such as BDNF-rs6265 and CACNA1C-rs1006737,
highlights the genetic complexity that influences schizophrenia-spectrum disorders.
Furthermore, the discovery of unique VRN epigenetic-expression correlations in the
prefrontal cortex of clozapine-treated patients underscores the importance of region-
specific molecular changes in the brain. This research also shows how NRN! methylation
changes, particularly in response to cognitive remediation therapy, could serve as
biomarkers for therapy response, offering a potential pathway for personalized treatment
strategies.

With a general focus on schizophrenia specifically centered on synaptic plasticity

In line with existing literature about schizophrenia, both genomic and non-genomic
findings strongly indicate that alterations in synaptic function and plasticity play a crucial
role in schizophrenia. These findings highlight synaptic plasticity as a promising
therapeutic target, especially considering that some of these mechanisms may be
modifiable in the adult brain.

The current promise of psychiatric genomics is to offer an unbiased view into the
biological basis of mental illness. However, the precise molecular mechanisms by which
disorder-associated genes increase risk remain unclear, as translating genomic findings
into actionable insights is inherently a complex and labor-intensive process. Therefore,
the challenge now is to leverage genomic data to shed light on these critical processes
and identify viable therapeutic targets. For that, we believe that a multidisciplinary and
integrative approach, which assesses candidate genes across all levels of heterogeneity,
is essential (Figure 7).

Levels of heterogeneity
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Figure 7. Illustration of multilevel heterogeneity in schizophrenia and an integrated approach to gene
identification and translation. This figure presents a structured overview of schizophrenia heterogeneity,
and the comprehensive approach needed for effective gene identification. The top section highlights the
selection criteria proposed for gene research. The middle section illustrates various levels of molecular
heterogeneity, showcasing the spectrum of effects across pathways and mechanisms. The bottom section
displays examples of different research methodologies or variables to explore, each offering unique insights
and contributing distinct types of information to the broader understanding.



In the path from genetic vulnerability to the complex presentation of the disorder,
several questions regarding the involved genes must be answered to unravel the different
levels of heterogeneity and to pinpoint potential targets. In this thesis, we have aimed to
address some of the gaps in this pathway with a particular focus on NRN1 as a model.

I. The first question to address would be whether this gene has been highlighted in
previous genetic studies associated with the disorder. In the case of VRN, the gene was
selected based on both positional evidence and case-control genetic association studies.
Several genetic linkage studies mapping schizophrenia to specific genomic locations have
identified an association with the chromosome region 6p22-25 (Lindholm et al., 2001;
Moises et al.,, 1995; Straub et al., 1995; S. Wang et al,, 1995). One such study, which
focused on a subtype of schizophrenia characterized by pervasive neurocognitive deficits,
also pointed to the 6p24 region (Hallmayer et al., 2005). Collectively, these studies
suggested VRN! as a positional candidate gene. Furthermore, studies on rare variants
have also implicated this chromosomic region with schizophrenia, directly implicating
NRNI (Caluseriu et al., 2006). Additionally, although VRN did not appear in the most
recent genome-wide association study for schizophrenia, earlier research from our group,
using a case-control association study, demonstrated that VRN variants are linked to an
increased risk of schizophrenia spectrum disorders. This same study also linked NRN?
genetic variability to other neuropsychiatric disorders, including bipolar disorder (Fatjo-
Vilas et al., 2016). Beyond psychiatric disorders, studies on copy number variants have
also documented complex alterations at chromosome 6p, which encompass candidate
genes including VRN, in several live-born infants presenting a range of abnormalities
such as intellectual disability, growth deficiency, developmental delay, and distinct facial
dysmorphisms (Linhares et al., 2015; Martinet et al., 2008; L. Zhang et al., 2023).

These varied genetic associations, spanning both rare and common variants and
linking VRN not only to schizophrenia and related psychiatric conditions but also to
other neurodevelopmental disorders, strengthen the confidence that modulating the
function of the gene could yield a clinically meaningful phenotype.

Another important consideration in identifying candidate genes as potential
therapeutic targets is whether we understand the function of the gene product. Pertaining
to NRN1, it encodes a protein that can be either GPI-anchored or secreted and it is found
in both axons and dendrites of neurons (Naeve et al., 1997). Although VRN1, as a small
GPI-anchored protein, lacks channel activity, it has been identified as part of the AMPA
receptor complex, which is crucial for fast excitatory synaptic transmission in the central
nervous system (Fujino et al., 2003). This complex plays a key role in synaptic plasticity
processes, such as long-term potentiation and long-term depression.

Despite these insights, much remains unknown about the specific mechanisms and
functions of NRNI within neurons. Our group is currently investigating the potential
receptors for VRNI when it is in its soluble form. Previous studies, primarily conducted
in animal models, have suggested that the insulin receptor might be a candidate, while



other research has proposed fibroblast growth factor receptor (Shimada et al., 2013; Yao
et al., 2012). While these animal-based findings are important, they need to be validated
in human samples. In this context, our own research, though not detailed in the present
thesis, has explored post-mortem brain samples and suggests that NRN! may interact
with NPTN, a type I transmembrane protein belonging to the Ig superfamily, offering new
perspectives on its role in neuronal function.

An additional key issue to consider is whether the function of the gene product is
relevant to the disorder. Regarding NRIV1, as previously mentioned, animal studies have
demonstrated its critical roles in brain development, including balancing neural
progenitor proliferation and apoptosis, promoting neuronal migration and differentiation,
supporting neurite outgrowth, and stabilizing synapses. In the adult brain, NRNI is
essential for synaptic plasticity, a function highly relevant to treating schizophrenia, given
its well-characterized expression patterns across different developmental stages and
brain regions. Even more relevant for understanding the unique aspects of human brain
development and disease mechanisms, research using human-derived organoids from
schizophrenia patients has shown increased cell death and disrupted neuronal
differentiation in ventricular zone progenitors, with VRN identified as a downregulated
factor in axon development, contributing to the impaired neurogenic potential of SOX2+
progenitors (Notaras et al., 2022). This downregulation highlights the critical role of NRN!
in the pathology of schizophrenia, underscoring its importance in both brain
development and disease.

I1. Once a gene is identified and its function understood, the next essential step is to
investigate whether regulatory mechanisms, including post-transcriptional or epigenetic
modifications, alter the gene or its pathway-related products in the disorder. This involves
identifying disrupted regulatory mechanisms to determine the most appropriate gene
product for therapeutic intervention and assess its potential as a drug target. In terms of
NRN1, we were not starting from scratch, as methylome-wide analyses have already
linked its expression in the prefrontal cortex to schizophrenia (Pidsley et al., 2014).
However, a major challenge in studying gene expression regulation in psychotic disorders
is the widespread use of antipsychotics, which makes it nearly impossible to obtain post-
mortem brain samples from untreated patients. Consequently, exploring how genes
related to synaptic plasticity are expressed in the brain requires first determining whether
they are influenced by pharmacological treatments. This limitation often compels
researchers to rely on animal or cell-based studies for insight. In this sense, as previously
noted, VRNI is sensitive to neurotherapeutic agents like electroconvulsive therapy and
fluoxetine (Alme et al., 2007; Dyrvig et al, 2014; Newton et al, 2003). Therefore,
understanding how such treatments impact gene expression, not only in VRN but in all
the associated genes, is essential for accurately interpreting its role in schizophrenia and
other psychiatric disorders, highlighting the importance of complementary clinical
studies to bridge these gaps.



Consequently, our post-mortem study, although focused on NRNI, contributes to a
deeper understanding of region-specific transcriptome and methylome alterations in
schizophrenia by demonstrating reduced expression of this gene in the prefrontal cortex,
but not in the hippocampus, along with distinct methylation patterns that differentiate
patients from controls in both regions (Alelu-Paz et al., 2016; Farsi et al., 2023; Huckins
et al., 2019). Additionally, by identifying NRNI expression and methylation changes
specifically in the prefrontal cortex of clozapine-treated patients, our study reinforces the
role of epigenetic mechanisms in the effects of atypical antipsychotic treatments
(Guidotti & Grayson, 2014). This is particularly significant given previous animal-based
research showing that clozapine can influence chromatin remodeling and induce the
demethylation of synaptic plasticity promoters, such as Reln and Bdnf(Dong et al., 2008;
Guidotti et al., 2017).

Furthermore, our study, though centered on NRNI, presents an innovative approach
for detecting methylation changes across a locus by using the sPLS-DA method. The
primary advantage of sSPLS-DA over traditional univariate analyses lies in its ability to
manage the high correlations among adjacent CpG sites, reducing dimensionality while
preserving essential information and uncovering complex multivariate relationships
between methylation patterns and treatment outcomes that might otherwise remain
hidden (Ruiz-Perez et al., 2020). Previous studies have used methodologies like PCA to
consolidate locus methylation into latent components, as seen in research on BDNF
methylation and brain activity (Redlich et al.,, 2020). However, our sPLS-DA approach
uniquely enhances group separation, which increases the clinical relevance of findings.
Thus, building on sPLS-DA, we adopted an integrated approach that combines a global
perspective through components, a biologically meaningful direction-based analysis of
CpG units within these components, and a site-specific assessment to evaluate
transcriptional effects. Therefore, our results suggest that this comprehensive method
offers deeper insights into the biological mechanisms underlying complex phenotypes,
contributing to a more nuanced understanding of schizophrenia etiology.

By integrating these levels of analysis, we identified that global methylation changes
and specific hyper- and hypomethylated positions along NRN! effectively distinguish
clozapine-treated patients from controls. This approach enables a more detailed
examination of these methylation changes in relation to other molecular variables, such
as gene expression. Particularly for NRV1, we found that only global methylation patterns
and the average of hypomethylated positions correlated with expression, suggesting a
biologically specific impact. Furthermore, this method allows gene-centered analyses to
be contextualized within broader methylome-wide findings, which often evaluate the
combined effect of adjacent CpGs. For example, in the previously mentioned prefrontal
cortex methylome-wide study of patients with schizophrenia and controls, NRNI
methylation differences emerged only when examining the collective effect of adjacent
hypomethylated CpGs (Pidsley et al., 2014).



But methylation changes at each CpG site may play distinct roles depending on its
genomic context. Therefore, to understand how these methylation changes impact gene
expression, it is essential to explore regulatory elements overlapping with CpG units.
Using the UCSC Genome Browser (http://genomeucsc.edu) to access ENCODE
(Dunham et al.,, 2012) and ORegAnno data (Griffith et al., 2008), we found enhancer
regions, DNase [ hypersensitive sites, and histone marks such as H3K27me3, H3K4mel,
and H3K36me3 within these CpG units. These findings indicate that integrating
methylation data with regulatory elements offers critical insights into how epigenetic
modifications may influence gene expression in schizophrenia.

Additionally, our post-mortem findings have also highlighted the importance of
considering genotypic variability when investigating gene expression mechanisms, as the
methylation-expression correlation of VRN improved when taking genetic differences
into account. To understand how genetic polymorphisms affect expression it is essential
to examine their functional consequences. Using RegulomeDB (Dong & Boyle, 2019) and
Haploreg (Ward & Kellis, 2016), we identified that certain VRN! variants linked to early-
onset schizophrenia can modify histone marks and affect transcription factors binding,
with some alleles notably increasing affinity for specific transcription factors involved in
stress resilience through epigenetic pathways. Additionally, other variants impacting
methylation-expression correlations in the prefrontal cortex also influence transcription
factor binding affinities and affect enhancer and promoter functions in the brain,
potentially modulating gene expression in a context-dependent manner.

Our findings highlight the altered expression of synaptic plasticity genes in
schizophrenia, particularly in the prefrontal cortex, a region critical for higher-order
cognitive functions and heavily implicated in the disorder. These results support the idea
that targeting such genes could lead to clinically meaningful outcomes. At the same time,
they underscore the complex regulation of these genes and the need for further research
to better understand how genetic and epigenetic factors influence their expression,
especially in the context of antipsychotic treatment.

I1I. Consequently, the next important question is considering how modifying the target
impacts cellular function. Research, primarily from animal models, has shown that
conditional knockout of the VRN gene in mice delays the development and maturation
of axons and dendritic arbors, as well as hinders synaptic maturation (Fujino et al., 2003).
Additionally, as previously mentioned, evidence from various disease models shows that
modifying VRN has significant effects on neurons. For instance, silencing Nrn! blocks
neurite outgrowth in diabetic neuropathy, while Nrnl injections repair neurons and
protect cortical cells from apoptosis in traumatic brain injury, brain infusion of
recombinant Nrnl rescued deficits in hippocampal long-term potentiation in a mice
model of Alzheimer’s disorder, and prevent dendritic spine degeneration and neuronal
hyperexcitability in AB42-cultured neurons (An et al, 2014; Hurst et al, 2023;
Karamoysoyli et al,, 2008; Liu et al., 2018; Wan et al., 2020). Therefore, this evidence



suggests that potential drugs targeting NRN1 would have a beneficial impact on neuron
homeostasis.

IV. The subsequent upper step would be considering how this gene or its pathways
modify brain networks. However, prior to this thesis, the specific impact of modifying
NRN1 on brain networks had not been explored in either animal or human studies.

In this context, our neuroimaging study of early-onset individuals, a population that is
challenging to study due to the low prevalence of such cases (less than 8% have an onset
before age 18), provides particularly valuable insights into brain regions that may be more
vulnerable to early developmental challenges (Solmi et al., 2022). Our findings suggest
that early-onset schizophrenia may disrupt neural pathways involved in working memory
development, leading to more significant impairments compared to adult-onset cases
(Hartshorne & Germine, 2015). This is consistent with previous functional neuroimaging
studies on early-onset individuals, which have repeatedly shown abnormal activation
patterns in key prefrontal regions such as the ventral lateral and dorsolateral prefrontal
cortex, and anterior cingulate cortex, as well as in limbic and temporal areas
(Kyriakopoulos et al., 2012; Loeb et al., 2018; Pauly et al., 2008; Thormodsen et al., 2011,
White et al., 2011). Additionally, our results align with a longitudinal working memory
study that reported reduced recruitment in executive brain regions in early-onset
adolescents, contrasting with typical developmental patterns in healthy controls
(loakeimidis et al., 2022). These findings reinforce the idea that adolescence is a critical
period for prefrontal cortex maturation and the reorganization of the working memory
network (Fair et al., 2007; Finn et al., 2010; Lenroot & Giedd, 2006). As such, these
insights may inform the development of targeted interventions or training programs
designed specifically for early-onset individuals, focusing on the neural networks most
affected by the disorder. Additionally, our specific findings on /VRIVI haplotypic variability
modulating brain function and performance help bridge the gap between synaptic
plasticity processes and the pathophysiological mechanisms underlying schizophrenia.

On the other hand, our findings on the epistatic interactions between NRN1, BDNF,
and CACNAIC in relation to cortical surface area and volume highlight how these 91%
heritable phenotypes, largely shaped by regulatory elements active during prenatal
development, are then particularly vulnerable to the combined alterations of such genes,
leading to lasting effects on the adult brain, as evidenced by structural changes (Eyler et
al., 2012; Grasby et al., 2020). Additionally, although our work was conducted within a
patient cohort, the brain regions modulated by epistatic effects, primarily frontal, along
with some parietal and temporal regions, have previously been reported to exhibit altered
cortical surface area and volume in schizophrenia patients, suggesting that epistatic
networks involving synaptic plasticity genes may be among the molecular mechanisms
contributing to these structural differences (Erp et al., 2018).

Although these results are associative rather than causative, they demonstrate that
NRN1 genotypic variability is linked to the modulation of brain structure and function.



From both imaging and genetic perspectives, our findings consistently highlight the
prefrontal cortex as a key region implicated in schizophrenia, particularly influenced by
synaptic plasticity genes. These insights underscore the crucial role of this brain region
in the disorder and its susceptibility to genetic factors that regulate synaptic plasticity.

V. The following crucial stage is to explore how this gene, its pathways, and the brain
networks it influences, impact clinical phenotypes. The results from studies exploring
genetic associations with clinical phenotypes in schizophrenia can be framed within the
concept that genetic variability can influence the phenotypic characteristics of
schizophrenia in two primary ways: through susceptibility genes, which directly increase
the risk of developing the disorder, and modifier genes, which impact clinical features
without necessarily affecting susceptibility (Fanous & Kendler, 2005). This framework
may explain the limited evidence linking VRN to schizophrenia risk, as its association
has primarily emerged from linkage studies consistently pointing to the chromosome
6p24-25 region, while it has not been identified in genome wide association studies
(Lindholm et al.,, 2001). In this regard, genetic association studies suggested that NRN?
genetic variability could be linked to specific forms of the disorder by describing its
modifying effects on age at onset (Fatjo-Vilas et al., 2016). Given that early-onset forms
of the disorder are particularly disabling, understanding the contribution of VRN to these
impairments is crucial for gaining insights into the molecular mechanisms underlying the
disorder.

In this context, the work presented in this thesis helps establish VRN as a key gene
associated with early-onset forms of schizophrenia. Identifying the genetic factors linked
to early-onset schizophrenia is clinically significant, as these cases are often associated
with poorer premorbid adjustment, reduced neurocognitive performance, more severe
symptoms, and a less favorable prognosis (Clemmensen et al., 2012; Larsen et al., 2004;
Rajji et al., 2009; Rapoport & Gogtay, 2011). Understanding this phenotype is, therefore,
essential for developing effective early intervention and prevention strategies.
Additionally, early-onset schizophrenia holds theoretical significance, representing an
extreme phenotype with a higher genetic load, which may provide deeper insights into
the biology of the disorder and offer a stronger framework for identifying relevant genetic
variants (Zhan et al., 2023). Despite the advantages of studying early onset, there have
only been three genome-wide association studies focused on age at onset, and they have
shown limited overlap with those targeting general schizophrenia risk, underscoring the
need for further research (Bergen et al., 2014; Guo et al, 2021; Wang et al, 2011;
Woolston et al., 2017). Thus, our work addresses this gap in research on age at onset and
holds potential clinical implications for improving disease prediction and advancing early
interventions.

Additionally, many of the aforementioned animal studies have demonstrated that the
neuronal changes induce by modifying Nrnl expression are linked to behavioral
improvements, including improved neurological scores after traumatic brain injury,



recovery of spatial learning and memory after ischemia-reperfusion injury, and reduced
cognitive impairments in Alzheimer's models (An et al., 2014; Liu et al., 2018; Wan et al,,
2020). Therefore, beyond age at onset, NRN! could be modulating other phenotypes,
such as symptomatology. However, exploring specific symptoms, such as positive and
negative symptoms or functional impairments, is challenging with animal models, making
human studies essential.

In this context, the work presented in this thesis suggests that VRN acts as a modifier
gene, influencing general psychopathology and functioning in combination with other
pathway-related genes, such as BDNF and CACNAIC. More importantly, this research
provides a valuable framework for prioritizing brain regions implicated in schizophrenia
by examining the mediation effects of significant brain clusters on symptomatology.
Specifically, the finding that NRNI x BDNF epistasis affects brain volume, which fully
mediates its impact on symptomatology, reinforces the idea that genetic effects on
clinical phenotypes are mediated by specific brain regions and that there is genetic
overlap between brain structure and clinical symptoms (Sudre et al., 2020). This aligns
with previous studies suggesting that genes highly expressed in brain regions with
structural differences in schizophrenia are also linked to symptomatology (Ji et al., 2021,
Legge, Cardno, et al., 2021; Sengupta et al., 2017).

Overall, our results demonstrate that examining the effects of candidate synaptic
plasticity genes essential to schizophrenia, even when not directly associated with the
disorder in large genome-wide studies but broadly linked to neurodevelopmental
processes, is an effective approach for identifying genetic factors relevant to different
patient groups, thereby helping to reduce variability within the disorder.

VI. Finally, having described that a gene modifies all these molecular levels, the next
point is how this gene or its pathways modulate response to treatment. In this regard,
prior to this thesis, although several animal-based studies suggested that Nrn! brain
expression could be modulated by neurotherapeutic agents, the putative role of NRNI as
biomarker for different treatments had not been explored in human studies.

In this context, our exploration of NRNI peripheral methylation suggests that this
mechanism is dynamic and responsive to cognitive remediation therapy, consistent with
previous research on the responsiveness of methylation to behavioral stimuli (Levenson
et al., 2006; Miller & Sweatt, 2007). Additionally, our findings also indicate that while
plastic changes in methylation serve as promising biomarkers for cognitive therapies, the
genetic variability of the individual also plays a significant role in determining their
response. However, it is important to note that peripheral methylation levels may not
directly reflect central nervous system methylation or the mechanisms through which the
therapy exerts its effects, although some studies have shown promise by revealing
significant correlations in DNA methylation between blood and brain tissue (Davies et
al., 2012; Walton et al., 2016). In this regard, previous research investigating the peripheral
methylation of another synaptic plasticity gene, RELN, found changes in response to the



same therapy. These methylation levels were significantly associated with improvements
in global brain network efficiency and cognitive performance, suggesting that the
peripheral changes observed may have a corresponding correlate in the brain (Ho et al.,
2020). These results, along with our findings, underscore the value of investigating blood
methylation for biomarker identification, beyond its tissue correlations, particularly given
the accessibility of the tissue and its reversible nature, which enables the examination of
therapy-induced changes potentially leading to enhanced patient care (Goud Alladi et al.,
2018).

Furthermore, this article highlights the clinical relevance and robustness of the sPLS-
DA method for integrating complex biological data with clinical information, enabling the
identification of specific biological markers that strongly correlate with certain clinical
subtypes. Through the example of NRNI, this article offers a valuable methodological
perspective that could enhance diagnostic accuracy and support the development of
personalized treatment strategies, encouraging further research in this area.

But the remaining point is how we can translate this into pharmacological
intervention. In this sense, there remains a significant gap in the literature regarding drug
development targeting VRIVI. In contrast to other candidate genes, such as CACNAIC,
where calcium channel blockers targeting CaV1.2 are already widely prescribed for
cardiovascular conditions and have demonstrated brain penetration and safety, we
currently lack comparable information on potential drugs targeting VRIVI. This presents
an important area for future research and development.

However, both the existing evidence and the findings presented in this thesis highlight
the potential of NRN! as a promising therapeutic target, encouraging further research
into the development of potential drugs targeting this gene.

Future perspectives

Although the specific methodological details of the studies included in this thesis have
been thoroughly outlined in each publication, there are several important caveats that
warrant further discussion and may guide future research.

The main limitation across all the presented studies is the sample size and lack of
replication samples. However, it is worth noting that, aside from large-scale studies led
by international consortia, most research on modifier genes in clinical or neuroimaging
phenotypes, as well as studies examining gene expression in post-mortem brain samples,
typically use sample sizes comparable to ours. This limitation prevents us from examining
sex-specific effects of NRNI at any of the studied levels, which is significant given
emerging evidence that genetic risk may differ by sex (Mas-Bermejo et al., 2025).

All the variants in this study are polymorphic, so while our findings are biologically
plausible, they should be interpreted with caution due to the small effect sizes of the



genetic variants on the phenotypes analyzed. In this sense, although our research
highlights the role of VRN in schizophrenia-related traits, it must be understood within
the larger context of the complex polygenic nature of the disorder. Additionally, since rare
variants also contribute to the genetic risk of schizophrenia, future studies examining the
combined influence of both common and low-frequency variants in the NRNI gene could
offer valuable insights (Singh et al., 2022).

Furthermore, also linked to the polygenic nature of the disorder, variations in a single
gene are unlikely to fully explain the physiological basis of schizophrenia-related
phenotypes. Thus, while our study emphasizes the role of NRNI in modulating these
traits, the findings should be considered within the broader context of the complex
genetic architecture of schizophrenia. Research consistently demonstrates that genes
associated with complex traits function within networks of interacting genes and
molecular pathways. To address this, we have explored the epistatic interactions between
NRN1 and its potential molecular interactors, but statistical epistasis does not necessarily
imply a direct impact on gene expression. To overcome this issue, an alternative
approach involves, for example, analyzing gene co-expression patterns derived from
post-mortem brain samples and translating these into a polygenic co-expression index in
independent samples to explore their association with other phenotypes. Using this
strategy, the polygenic co-expression index for the DRDZ2 gene, which predicts brain-
specific expression of a network of DRDZ2 co-expressed genes, has been linked to
antipsychotic response, brain function during working memory in schizophrenia, and
modulation of prefrontal cortex activity following D2 receptor stimulation (D’Ambrosio
et al, 2022). Therefore, further studies are necessary to validate the statistical and
biological impact of VRN interactions on brain structure and symptoms.

A significant limitation in studying VRIVI methylation and expression patterns is the
cross-sectional nature of our research, which focuses exclusively on chronic patients.
Employing a longitudinal approach or comparing first-episode, chronic, and high-risk
individuals could help differentiate whether these methylation patterns are state markers,
tied to the disorder phase, or trait markers, indicative of persistent features. However,
since longitudinal studies cannot be conducted on post-mortem tissue, these analyses
would require blood samples, which may not accurately capture brain-specific
methylation changes. Additionally, interpreting the brain methylation-expression patterns
in clozapine-treated patients presents complexities due to the bidirectional influence of
antipsychotic treatment: antipsychotics can alter both methylation and gene expression,
yet an individual’s pre-treatment methylation profile can also affect how the drug
functions. Without access to samples from never-treated patients, it remains difficult to
separate the effects of the disorder from those of the medication, but obtaining such post-
mortem samples is quite challenging. Adding to these limitations, our study concentrated
only on methylation and did not investigate other epigenetic factors, such as histone
deacetylation and its impact on chromatin accessibility, both of which could play crucial
roles in regulating NRN expression. Moreover, we did not examine NRNT protein levels,



even though previous research suggests that changes in the synaptic proteome are not
always reflected in transcriptome data (Aryal et al, 2023). Together, these factors
highlight areas for future research to provide a more comprehensive view of the role of
NRN1 in schizophrenia.

While the effects of NRN1 are widely studied using animal and cell-based studies, the
difficulty in accessing human brain tissue that sustains all these alterations has largely
hampered the advances. Notably, new methodologies are opening new venues in the
field. For instance, induced neural pluripotent stem cells and brain organoids represent a
step forward in generating models that are closer to the biological reality and can be used
to recapitulate the neurodevelopmental process offering an unprecedented vision on
human-specific neurodevelopmental signatures. In this sense, the effects of VRN! are
poorly explored, and just one study has reported NRN1 as a downregulated factor in axon
development, contributing to the impaired neurogenic potential of SOX2+ progenitors
(Notaras et al., 2022).

Additionally, all of our research is performed on bulk tissues, but the application of
single-cell techniques in iPSCs, brain organoids, or even post-mortem tissue, to study risk
factors impacting synaptic plasticity and neurodevelopment, such as VRN1, could yield
valuable insights into their contributions to neuropsychiatric disorders. These methods
enable analysis of transcriptional changes and epigenetic modifications at a single-cell
level, uncovering how genes related to brain disorders are regulated across diverse cell
types and developmental stages. This is crucial in neurodevelopmental disorders, as it
allows for a detailed understanding of the cellular complexity of the bran and helps
pinpoint critical periods of vulnerability (Khodosevich & Sellgren, 2023; Nani et al., 2024;
Wang et al., 2023). By bridging in vitro findings with in vivo relevance, single-cell
techniques enhance our understanding of disease mechanisms and can inform targeted
therapies. Moreover, there is growing interest in extending these techniques to peripheral
tissues to explore the role of risk factors, like NRN1, that have significant functions in the
immune system beyond the central nervous system, and to identify biomarkers across
different physiological systems. (Bottcher et al., 2019; Gonzalez-Figueroa et al., 2021). In
this context, we are currently using single-cell mass cytometry (CyTOF) on blood
samples from individuals experiencing a first episode of psychosis, in a collaborative
project originating from my PhD research stay. This technique labels immune cells with
metal-tagged antibodies to detect multiple markers simultaneously, making it especially
effective for profiling immune cell populations (Ferndndez-Zapata et al., 2020). Given the
complex biological changes in early psychosis, including immune system alterations,
CyTOF can identify rare immune cell subsets, cytokine profiles, and unique activation
states that may be linked to the onset of psychosis.

Finally, we did not explore the diagnostic specificity of our findings, as our research
focused exclusively on NRNI in schizophrenia. Investigating these effects in other
psychotic disorders, such as bipolar disorder or autism, would be valuable not only



because of the considerable genetic overlap among these conditions but also due to the
link between rare VRN variants and a broad range of neurodevelopmental disorders
(Linhares et al., 2015; Martinet et al., 2008; L. Zhang et al., 2023). Therefore, examining
the role of NRN1 across different diagnostic categories would improve our understanding
of neurodevelopment and psychopathology.

Similarly, we did not investigate the effect of VRN across different treatments, as both
the study on methylation and expression correlations in the brains of schizophrenia
patients and the study on peripheral methylation changes in response to cognitive
remediation therapy were conducted specifically in patients treated with clozapine. Since
these individuals represent a distinct subtype of the disorder with unique biological
characteristics, the role of NRNI in response to other treatments remains an open
guestion.



Final remarks

As a final remark, [ would like to retrieve the importance of multilevel research as a
potential framework to understand the role of specific candidate genes in schizophrenia.
As outlined in the dissertation, human adaptive neurobiological function requires a
precise neurodevelopmental plan with unique characteristics. This process depends on
carefully orchestrated, spatiotemporal regulation of the transcriptome, which varies
widely across individuals and shapes cognitive abilities, behavior, and personality traits.
Synaptic plasticity, a defining feature essential both for brain development during
maturation and for functional adaptability in adulthood, enables neurons to adjust their
connections in response to external cues, refining synapses and forming neural circuits.
Thus, disruptions in this mechanism, along with other regulatory processes, can lead to
neuronal dysfunction and impaired neurotransmission, ultimately laying the groundwork
for neurodevelopmental psychiatric disorders such as schizophrenia. Therefore,
understanding how synaptic plasticity genes contribute to schizophrenia is crucial not
only for deepening our knowledge of its etiological factors but also for developing more
effective therapeutic strategies.

The results presented in this thesis illustrate how tracing the pathway from genetic risk
to clinical presentation, specifically through a focus on NRNI and human association
studies, can provide meaningful insights into the disorder. Using a multilevel strategy, we
linked VRNI molecular diversity with age at onset, clinical and neuroimaging traits,
examined its interactions with related genes and their impact on these traits, analyzed its
expression and methylation patterns in postmortem brain samples from schizophrenia
patients, and highlighted the clinical relevance of our findings by studying methylation
changes in response to cognitive therapy. Furthermore, this thesis highlights, through the
example of VRN, that following this approach can identify existing knowledge gaps and
suggest directions for future studies using advanced techniques and diverse
methodologies, including animal models, preclinical research, and expanded analyses of
human samples.

Overall, this thesis not only highlights the value of NRN! as a candidate gene for
further research but also offers a methodological blueprint for investigating other synaptic
plasticity genes in psychiatric disorders, thus contributing to the broader effort to unravel
the complex pathways from genetic risk to clinical presentation.



7. Conclusions




The specific conclusions derived from the present thesis are:

I. Our data sheds light on the role of NRNI as a key gene in modulating aspects of
schizophrenia presentation, including clinical manifestations, brain function during
tasks involving attention and working memory, and structural brain phenotypes.
L.I. We describe specific genetic variability in the NRN! gene associated with the
risk for early-onset schizophrenia-spectrum disorders. Additionally, early-onset
cases carrying such genetic variants exhibited altered activity in the dorsolateral
prefrontal cortex activity during a working memory task.

LII. We showed that various epistatic interactions involving different SNPs of
NRN1 and BDNF-rs6265 or CACNA1C-rs1006737 significantly modulate clinical
severity and neuroanatomical features in schizophrenia patients. Furthermore, we
showed that the interaction between NRNI and BDNF in the left lateral
orbitofrontal cortex volume fully mediates the impact on general
psychopathology.

II. Our findings offer a more profound understanding of the clinical heterogeneity seen
among patients, revealing through NRNI that expression differences between patients
and controls are not uniformly distributed across the brain but exhibit region-specific
patterns, which are influenced by both genetic and epigenetic factors.
II. We detected lower NRNI expression and methylation differences in the
prefrontal cortex of clozapine-treated schizophrenia patients compared to both
antipsychotic-free patients and controls, with these methylation differences
correlating with VRN1 expression and influenced by specific genetic variants
along the locus.

III. Our results emphasize the importance of both epigenetic and genetic variability at

NRN1 as key factors that may serve as potential biomarkers for predicting the diverse

responses to cognitive therapies.
[1I. We observed NRN! peripheral methylation changes in response to cognitive
remediation therapy, indicating its responsiveness to the treatment. Additionally,
these changes were linked to cognitive improvement, with global and increased
methylation differences distinguishing responders from non-responders across
various cognitive domains, an effect further influenced by specific genetic variants
along the locus in the case of speed processing.

Our evidence, while focused on NVRNVI, reveals that synaptic plasticity genes play a
crucial and multifaceted role in shaping both the cognitive and anatomical characteristics
of schizophrenia, providing valuable insights into the disorder's underlying mechanisms.
Moreover, they demonstrate that the complex interaction between genetic variability and
epigenetic mechanisms likely drives region-specific brain expression alterations, which
may explain the diverse clinical presentations observed among patients. In addition, our
results highlight the link between individual genetic differences and peripheral epigenetic



profiles and their influence on therapeutic outcomes, underscoring the potential for more
personalized treatment approaches. Collectively, this emphasizes the need for integrative
methods to understand the role of synaptic plasticity genes, particularly VRNV, as pivotal
factors in advancing our understanding of schizophrenia and enhancing patient care.
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Hospitaliers Research Foundation.



Dec. 2022

Mobility Grant. Grants for the realization of training stays in Spain and
abroad financed by Banco Santander.

Sept. 2022

2027 - 2024
2026 — 2023
2025 — 2023
2024 — 2022
2023 — 2021
2021 - 2019

Researcher. Identificacion de biomarcadores gendmico-fenotipicos de
la psicosis: andlisis de la descendencia de padres afectados y sus
pedigries de la cohorte PAFIP-FAMILIES (P123/01262). Instituto de
Salud Carlos III, Madrid, Spain. PI: Mar Fatjo-Vilas. 128,750.00€.

Researcher. Targeting mRNAs condensates in neurites for a better
understanding of synaptic plasticity dysfunction in schizophrenia
(41/C/2022). Fundaci6 La Marato de TV3, Barcelona, Spain. PI: Mar
Fatjo-Vilas. 299,906.25€.

Researcher. (Grupo CIBERSAM). Medicina Personalizada (MedPer) en
la deteccion precoz del deterioro cognitivo (DC) preclinico. Desarrollo
de un modelo predictivo de riesgo (PMP22/00084). Ministerio de
Ciencia e Innovacién, Madrid, Spain. PI: Angeles Almeida Parra, Pl
Coordinated Project: Mar Fatjo-Vilas. 1,650,550€ (coordinated project:
171,985€).

Researcher. Grup de recerca consolidat FIDMAG Germanes
Hospitalaries Research Foundation (2022SGR1475). Comissionat per a
Universitat i Recerca del DIUE (Agencia de Gestio d’Aguts Universitaris
1 de Recerca — AGAUR). PI: Edith Pomarol-Clotet. 40,000€.

Researcher. Neurodevelopment markers and schizophrenia: analysis of
their shared genetic underpinnings and the modulation effect of
prenatal stress (PI20/01002). Instituto de Salud Carlos III, Madrid,
Spain. PI: Mar Fatjo-Vilas. 63,500€.

Researcher. Analysis of the epigenetic profile of the NRNI gene and its
association with brain activity in schizophrenia. Academia de les
Ciencies Mediques 1 de la Salut de Catalunya i Balears. PI: Edith
Pomarol-Clotet and Mar Fatjo-Vilas. 30,000€.

[ am co-author of 13 published scientific papers in international high-impact research

journals,

. Four of these publications are directly related to my

doctoral thesis project (marked with **). Moreover, I have 2 publications in national

journals,



Submitted

2024

2023

Guardiola-Ripoll M, Sotero-Moreno A, Chaumette B, Kebir O, Hostalet
N, Almodévar-Payéa C, Moreira M, Giralt-Lopez M, Krebs MO, Fatjo-
Vilas M. Genetic and Neurodevelopmental Markers in Schizophrenia-
Spectrum Disorders: Analysis of the Combined Role of the CNR1 Gene and
Dermatoglyphics. Biomedicines. 2024 Oct 7;12(10):2270. doi:
10.3390/biomedicines12102270. PMID: 39457583. IF 2023=3.9,
85/354 (Q1) Pharmacology & Pharmacy

Penadés R, Almodévar-Pay4d C, Garcia-Rizo C, Ruiz V, Catalan R,
Valero S, Wykes T, Fatjo6-Vilas M, Arias B. Changes in BDNF methylation
patterns after cognitive remediation therapy in schizophrenia: A randomized
and controlled trial. J Psychiatr Res. 2024 May; 173:166-174. doi:
10.1016/].jpsychires.2024.03.014. PMID: 38537483. IF 2023=4.8,
39/144 (Q2) Psychiatry:.

Guardiola-Ripoll M, Almodévar-Pay4 C, Arias-Magnasco A, Latorre-
Guardia M, Papiol S, Canales-Rodriguez EJ, Garcia-Ledn MA,
Fuentes-Claramonte P, Salavert J, Tristany J, Torres L, Rodriguez-
Cano E, Salvador R, Pomarol-Clotet E, Fatjo-Vilas M. Human-specific
evolutionary markers linked to foetal neurodevelopment modulate brain
surface area in schizophrenia. Commun Biol. 2023 Oct 13;6(1):1040. doi:



2022

8.

9.

10.

10.1038/s42003-023-05356-2. PMID: 378334 14. [F 2022=5.9, 12/92
(Q1) Biology.

Salvador R, Garcia-Leén MA, Feria-Raposo 1, Botillo-Martin C,
Martin-Lorenzo C, Corte-Souto C, Aguilar-Valero T, Gil-Sanz D, Porta-
Pelayo D, Martin-Carrasco M, Del Olmo-Romero F, Maria Santiago-
Bautista J, Herrero-Mufiecas P, Castillo-Oramas E, Larrubia-Romero
J, Rios-Alvarado Z, Antonio Larraz-Romeo J, Guardiola-Ripoll M,
Almodévar-Paya C, Fatjo-Vilas Mestre M, Sarrd S, McKenna PJ,
HHFingerprints Group, Pomarol-Clotet E. Fingerprints as Predictors of
Schizophrenia: A Deep Learning Study. Schizophr Bull. 2023 May
3;49(3):738-745. doi: 10.1093/schbul/sbac173. PMID: 36444899. IF
2022=6.6, 32/155 (Q1) Psychiatry.

Guardiola-Ripoll M, Sotero-Moreno A, Almodévar-Paya C, Hostalet N,
Guerrero-Pedraza A, Ramiro N, Ortiz-Gil J, Arias B, Madre M, Soler-
Vidal J, Salvador R, McKenna PJ, Pomarol-Clotet E, Fatjo-Vilas M.
Combining fMRI and DISC1 gene haplotypes to understand working
memory-related brain activity in schizophrenia. Sci Rep. 2022 May
5;12(1):7351. doi: 10.1038/541598-022-10660-8. PMID: 35513527. IF
2022=4.6, 22/73 (Q2) Multidisciplinary Sciences.



2021

2020

11.

12.

13.

14.

15.

Santo-Angles A, Fuentes-Claramonte P, Argila-Plaza 1, Guardiola-
Ripoll M, Almodévar-Paya C, Munuera J, McKenna PJ, Pomarol-Clotet
E, Radua J. Reward and fictive prediction error signals in ventral striatum:
asymmetry between factual and counterfactual processing Brain Struct
Funct. 2021 Jun;226(5):1553-1569. doi: 10.1007/s00429-021-02270-
3. Epub 2021 Apr 11. PMID: 33839955. IF 2021=3.748, 1/21 (D1)
Anatomy & Morphology.

Fuentes-Claramonte P, Santo-Angles A, Argila-Plaza I, Lechén M,
Guardiola-Ripoll M, Almodévar-Paya C, Cullen B, Evans JJ, Manly T,
Gee A, Maristany T, Sarrd S, Pomarol-Clotet E, McKenna PJ, Salvador
R. Brain imaging of executive function with the computerised multiple
elements test. Brain Imaging Behav. 2021 Oct;15(5):2317-2329. doi:
10.1007/s11682-020-00425-0. Epub 2021 Jan 26. PMID: 33501628.
IF 2021=3.224, 7/14 (Q2) Neuroimaging.

Fullana MA, Tortella-Feliu M, Fernandez de la Cruz L, Chamorro J,
Pérez-Vigil A, loannidis JPA, Solanes A, Guardiola M, Almodévar C,
Miranda-Olivos R, Ramella-Cravaro V, Vilar A, Reichenberg A,
Mataix-Cols D, Vieta E, Fusar-Poli P, Fatjo-Vilas M, Radua J. Risk and
protective factors for anxiety and obsessive-compulsive disorders: an
umbrella review of systematic reviews and meta-analyses. Psychol Med.
2020 Jun;50(8):1300-1315. doi: 10.1017/50033291719001247. Epub
2019 Jun 7. PMID: 31172897. IF 2020=7.723, 15/156 (D1) Psychiatry:.

Lubeiro A, Fatjo-Vilas M, Guardiola M, Almodévar C, Gomez-Pilar J,
Cea-Cafias B, Poza J, Palomino A, Gémez-Garcia M, Zugasti J, Molina
V. Analysis of KCNH2 and CACNAI1C schizophrenia risk genes on EEG
functional network modulation during an auditory odd-ball task. Eur Arch
Psychiatry Clin Neurosci. 2020 Jun;270(4):433-442.  doi:
10.1007/s00406-018-0977-0. Epub 2019 Jan 3. PMID: 30607529. IF
2020=5.276, 41/208 (Q1) Clinical Neurology



2020 1.

2018 2.

[ participated as co-author of 41 scientific communications at international
conferences,
Thirteen of these communications are directly related to my doctoral
thesis project (marked with ++). Moreover, | have received as a co-author 2 awards for
the best poster communication (marked with **).

2024 1.

2. Riquelme G, Guardiola-Ripoll M, Almoddévar-Payé C, Latorre-Guardia
M, Pomarol-Clotet E, Ramos B, Fatj6-Vilas M. Unravelling the
Polygenic Burden of Transcription Factors in Schizophrenia: The
Importance of the Prenatal Transcriptome. Poster communication.
2024 Congress of the Schizophrenia International Research Society (SIRS).
April 3thr-7th 2024, Florence, Italy.

3. Penadés R, Almodévar-Paya C, Garcia-Rizo C, Ruiz V, Catalan R,
Valero S, Wykes T, Fatjo-Vilas M, Arias B. Improvement in cognition
during cogntive remediation is related with epigenetic changes in
BDNF gene. Poster communication. Congress of the Schizophrenia
International Research Society (SIRS). April 3thr-7th 2024, Florence, Italy.



2023

2022

10.

Latorre-Guardia M, Almoddévar-Payd C, Arias B, Guardiola-Ripoll M,
Fuentes-Claramonte P, Garcia-Ledn MA, Pomarol-Clotet E, Fatjo-Vilas
M. Metilacion y estructura cerebral en esquizofrenia: anélisis del gen
FKBP5. Oral communication. ACCAP 2024: Psiquiatria de Enlace:
Interseccion entre la salud fisica y mental. March 20th-23thr 2024, virtual.

Guardiola-Ripoll M, Almodévar-Paya C, Arias-Magnasco A, Latorre-
Guardia M, Papiol S, Canales-Rodriguez EJ, Garcia-Ledn MA, Salvador
R, Pomarol-Clotet E, Fatjo-Vilas M. The cortical architecture in
schizophrenia is influenced by genetic variability in human-specific
evolutionary markers guiding the early neurodevelopmental
transcriptional machinery. Poster communication. 36th European
College of Neuropsychopharmacology Congress (ECNP) Congress. October
7th-10th 2023, Barcelona, Spain.

Gomez I, Almodévar-Paya C, Latorre-Guardia M, Arias B, Penadés R,
Fatjo-Vilas M. Association of methylation changes in VRNI gene and
cognitive performance after cognitive remediation therapy in
schizophrenia. Poster communication. 36th European College of
Neuropsychopharmacology Congress (ECNP) Congress. October 7th-10th
2023, Barcelona, Spain. ++

Guardiola-Ripoll M, Almodévar-Paya C, Arias A, Latorre-Guardia M,
Canales-Rodriguez EJ, Garcia-Leén MA, Fuentes-Claramonte P,
Salvador R, Pomarol-Clotet E, Papiol S, Fatjo-Vilas M. Genetic markers
of evolution and brain cortical surface area in schizophrenia: are they
related? Poster communication. Organization for Human Brain Mapping
(OHBM) 2023 Congress. July 22nd-26th 2023, Montréal, Canada.



11.

12.

13.

14.

15.

Martinez M, Guardiola-Ripoll M, Oscoz-Irurozqui M, Almodévar-Payéa
C, Guerrero-Pedraza A, Hostalet N, Salvador R, Carrion M1, Maristany
T, Pomarol-Clotet E, Fatjo-Vilas M. DRD2 and DRD3 genes, cannabis
use and brain activity in first-episode psychosis. Poster Jam. 35th
European College of Neuropsychopharmacology Congress (ECNP)
Congress. October 15th-18th 2022, Vienna, Austria.

Martinez M, Guardiola-Ripoll M, Oscoz-Irurozqui M, Almodévar-Payéa
C, Guerrero-Pedraza A, Hostalet N, Salvador R, Carrion M1, Maristany
T, Pomarol-Clotet E, Fatjo-Vilas M. Polymorphic variants at dopamine
receptor genes (DRD2 and DRD3) and cannabis use: effects on brain
activity in first-episode psychosis (FEP). Poster Communication. 22nd
World Congress of Psychiatry (WCP). August 3rd-6th 2022, Bangkok,
Thailand.

Sotero-Moreno, A; Guardiola-Ripoll, M; Moreira, M; Giralt-Lopez, M;
Almodovar-Payd, C; Hostalet, N; Miret, S; Campanera, S; Mufioz, MJ;
Salvador, R; Faflands, L, Pomarol-Clotet, E; Fatjo-Vilas, M.
Biomarcadores del neurodesarrollo en esquizofrenia: genética,
neuroimagen y dermatoglifos. Oral communication. / Congreso
Multidisciplinario Internacional del Hospital Psiquidtrico Santa Rosita.
Salud Mental a través del Tiempo, por un Hospital Psiquidtrico jSIN
ESTIGMAS!. May 18th-20th 2022, virtual.

Latorre-Guardia M, Almodévar-Paya C, Arias B, Penadés B, Guardiola-
Ripoll M, Garcia-Ledn MA, Fuentes-Claramonte P, Pomarol-Clotet E,
Fatj6-Vilas M. FKBP5 methylation patterns and brain structural
correlates in schizophrenia. Oral communication. 2022 Congress of the
Schizophrenia International Research Society (SIRS). April 6th-10th 2022,
Florence, Italy.



2021

16.

17.

18.

19.

20.

21.

22.

Guardiola-Ripoll M, Sotero-Moreno A, Kebir O, Chaumette B,
Almodévar-Paya C, Hostalet N, Moreira M, Giralt M, Salvador R, Odile-
Krebs M, Fatj6-Vilas M. Markers in Schizophrenia-Spectrum disorders:
Analysis of the Combined Role of the Cannabinoid Receptor 1 Gene
(CNR1I) and Dermatoglyphics. Poster Communication. 2022 Congress of
the Schizophrenia International Research Society (SIRS). April 6th-10th
2022, Florence, Italy.

Oscoz-Irurozqui M, Almodévar-Paya C, Guardiola-Ripoll M, Guerreo-
Pedraza, Hostalet N, Pomarol-Clotet E, Fatjo-Vilas M. Cannabis Use
and CNRI Gene: Effects on Psychotic Symptoms and Cognition in
First-episode Psychosis. Poster communication. World Congress of
Psychiatric Genetics (WCPG). October 11th-15th 2021, virtual.

Moreno M, Ortiz R, Almodévar-Paya C, Guardiola-Ripoll M, Callado
LF, Fatjo-Vilas M, Gallego C. Study of NRNI! expression in brain:
analysis in individuals diagnosed with schizophrenia and healthy
subjects. Poster communication. World Congress of Psychiatric Genetics
(WCPG). October 11th-15th 2021, virtual.

Oscoz Irurozqui M, Almodévar-Paya C, Guardiola-Ripoll M, Guerrero-
Pedraza A, Aquino A, Salgado-Pineda P, Sarr¢ S, Pomarol-Clotet E,
Fatjo-Vilas M. Cannabinoid receptor genes, cannabis use and brain
activity in first-episode psychosis. Poster Communication. 34th



23.

24.

25.

26.

27.

28.

European College of Neuropsychopharmacology Congress (ECNP).
October 2nd-5th 2021, Lisbon, Portugal.

Oscoz-Irurozqui M, Almodévar-Paya C, Guardiola-Ripoll M, Guerrero-
Pedraza A, Salgado-Pineda P, Sarr¢ S, Pomarol-Clotet E, Fatjo-Vilas M.
The interplay between cannabinoid receptor genes and cannabis use:
effects on brain activity in first-episode psychosis. Poster
communication. 2021 Congress of the Schizophrenia International
Research Society (SIRS). April 17th-21st 2021, virtual.

Guardiola-Ripoll M, Almodévar-Paya C, Lubeiro A, Sotero A, Salgado-
Pineda P, Salvador R, Papiol S, Ortiz-Gil J, Sarré S, McKenna PJ,
Maristany T, Molina V, Pomarol-Clotet E, Fatjo-Vilas M. The interplay
between two schizophrenia GWAS genes on fMRI working memory
response: Evidence of CACNAIC x ZNF804A epistatic effect on brain
function. Poster communication. 2021 Congress of the Schizophrenia
International Research Society (SIRS). April 17th-21st 2021, virtual.

Guardiola-Ripoll M, Sotero A, Almodévar-Paya C, Hostalet N, Salgado-
Pineda P, Salvador R, Ortiz-Gil J, Sarr6 S, McKenna PJ, Madre M,
Pomarol-Clotet E, Fatj¢-Vilas M. DISC1 gene and brain activity: a
genetic neuroimaging association study. Oral communication. 202/
Congress of the Schizophrenia International Research Society (SIRS). April
17th-21st 2021, virtual.



2019

29.

30.

31.

32.

33.

34.

Oscoz-Irurozqui M, Almodévar-Payé C, Guardiola-Ripoll M, Guerrero-
Pedraza A, Salgado-Pineda P, Sarr¢ S, Pomarol-Clotet E, Fatjo-Vilas M.
Cannabis use and cannabinoid receptor genes interaction modulates
brain activity in first-episode psychosis. Poster communication. XX
World Psychiatry Association (WPA) World Congress of Psychiatry. May
10th-13th 2021, virtual.

Guardiola-Ripoll M, Almodévar-Paya C, Lubeiro A, Sotero A, Salgado-
Pineda P, Salvador R, Papiol S, Ortiz-Gil J, Sarré S, McKenna PJ,
Maristany T, Molina V, Pomarol-Clotet E, Fatjo-Vilas M. Epistatic effect
of two schizophrenia genome-wide associated candidate genes
(CACNAIC and ZNF804A) on working memory functional and
behavioural response. Oral communication. XX World Psychiatry
Association (WPA) World Congress of Psychiatry. May 10th-13th 2021,
virtual.

Guardiola-Ripoll M, Sotero A, Almodévar-Paya C, Hostalet N, Salgado-
Pineda P, Salvador R, Ortiz-Gil J, Sarré S, McKenna PJ, Madre M,
Pomarol-Clotet E, Fatj6-Vilas M. Effect of schizophrenia risk
haplotypes of DISC! gene on working memory: a case-control
neuroimaging association study response. Oral communication. XX
World Psychiatry Association (WPA) World Congress of Psychiatry. May
10th-13th 2021, virtual.

Fatj6-Vilas M, Guardiola-Ripoll M, Almodévar- Paya C, Salgado-
Pineda P, Lubeiro A, Alonso-Lana S, Ortiz-Gil J, Guerrero-Pedraza A,
Sarro S, Pomarol-Clotet E. The role of KCNH2 gene on cognitive
deficits in schizophrenia: a functional MRI study. Poster
communication. ResDem 2019: II International Conference on Cognitive
Reserve in Dementia and other Disorders. November 15th-16th 2019,
Munich, Germany.

Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodévar-Paya C, Sarr6 S,
Guerrero-Pedraza A, Pomarol-Clotet E, Fatjo-Vilas M. Cannabis use
and genes of Dopaminergic and Endocannabinoid systems: their role
in psychotic symptoms and cognition in First-episode Psychosis. Poster



2018

35.

36.

37.

38.

39.

40.

communication. X/X World Psychiatric Association (WPA) World
Congress. August 21st-24th 2019, Lisbon, Portugal.

Oscoz-Irurozqui M, Almodévar-Payé C, Guardiola-Ripoll M, Guerrero-
Pedraza A, Salgado-Pineda P, Sarr¢ S, Pomarol-Clotet E, Fatjo-Vilas M.
Cannabis use and CNR2 gene interaction modulates brain activity in
first episode psychosis. Poster communication. 7/ World Congress and
VI International Congress on Dual Disorders from the Spanish Society of
Dual Pathology (SEPD). June 19th-22nd 2019, Madrid, Spain. *Award
to the best poster communication.

Fuentes-Claramonte P, Santo-Angles A, Salvador R, Argila [, Albacete
A, Guardiola-Ripoll M, Almodévar-Paya C, Ramiro N, Boix E, Salgado-
Pineda P, Bosque C, Torres ML, Panicalli F, Sarri C, Portillo F, McKenna
PJ, Pomarol-Clotet E. Negative symptoms in schizophrenia as a deficit
in goal management: an fMRI study. Poster communication. 2079
OHBM Annual Meeting of the Organization for Human Brain Mapping.
June 9th-13th 2019, Rome, Italy.

Santo-Angles A, Fuentes-Claramonte P, Argila [, Guardiola-Ripoll M,
Almodévar-Paya C, McKenna PJ, Pomarol-Clotet E, Radua J. Reward
and Fictive Prediction Error signals in the Ventral Striatum. Poster
communication. 2019 OHBM Annual Meeting of the Organization for
Human Brain Mapping June 9th-13th 2019, Rome, Italy.

Guardiola-Ripoll M, Almodévar-Paya C, Salgado-Pineda P, Lubeiro A,
Alonso-Lana S, Ortiz-Gil J, Guerrer-Pedraza A, Sarr6 S, Pomarol-Clotet
E Fatjo-Vilas M. Effect of KCNH2 and CACNA1C on Cognitive
Performance and Brain Activity: Genetic Association Study in
Schizophrenia Patients and Healthy Subjects. Poster communication.
XXVI World Congress of Psychiatric Genetics. October 11th-15th 2018,
Glasgow, United Kingdom.



41. Guardiola-Ripoll M, Almodévar-Paya C, Lubeiro A, Alonso-Lana S,
Ortiz-Gil J, Guerrero-Pedraza A, Sarr¢ S, Pomarol-Clotet E, Fatjo-Vilas
M. Calcium and potassium voltage-gated channels genes association
analysis: evidence on their role in cognitive performance of
schizophrenia patients and healthy subjects. Poster communication. 6th
Biennial Schizophrenia International Research Society Conference 2018.
April 4th-8th 2018, Florence, Italy.

2024 1.

2020 2. Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodévar-Paya C, Sarro S,
Guerrero-Pedraza A, Pomarol-Clotet E, Fatjo-Vilas M. Cannabis use
and genes of the endocannabinoid system: their role in psychotic
symptoms and cognition in first-episode psychosis (Oral
communication). XX/I Congreso de Patologia Dual. November 16th-
19th 2020, virtual. **Award to the best poster communication.

2017 3.

[ have participated as co-author of 13 scientific communications at national seminars
and workshops,
. Four of these communications are directly related to my doctoral
thesis project (marked with ++). Moreover, | have received as the first presenting author
an award for the best oral communication (marked with **).

2023 1. Guardiola-Ripoll M, Almodévar-Pay4 C, Arias A, Latorre-Guardia M,
Canales-Rodriguez EJ, Garcia-Leon MA, Fuentes-Claramonte P,
Salvador R, Pomarol-Clotet E, Papiol S, Fatjo-Vilas M. The
evolutionary traces behind schizophrenia: Human Accelerated Regions



2022

2021

2.

(HARs) linked to foetal neurodevelopment modulate cortical surface
area in patients with the disorder. Oral communication. X Laboratorio
de Ideas CIBERSAM 2023. April 20th-21st 2023, Reus, Spain.

Sotero-Moreno A, Guardiola-Ripoll M, Moreira M, Giralt-Lopez M,
Almodévar-Payd C, Hostalet N, Miret S, Campanera S, Mufioz MJ,
Salvador R, Fafianas L, Pomarol-Clotet E, Fatjo-Vilas M. Disrupted in
Schizophrenia 1 gene (DISC1) as a potential mediator of
dermatoglyphic neurodevelopmental markers in schizophrenia. Oral
communication. X/I Simposi de Neurobiologia: Cap a la Medicina
Traslacional. Societat Catalana de Biologia. May 13th 2022, Barcelona,
Spain.

Latorre-Guardia M, Almodévar-Paya C, Arias B, Penadés R, Guardiola-
Ripoll M, Garcia-Ledn MA, Fuentes-Claramonte P, Pomarol-Clotet E,
Fatjo-Vilas M. FKBP5 methylation patterns: cortical thickness and
clinical correlates in schizophrenia. Oral communication. XI/ Jornada
de Cromatina i Epigenética de la Societat Catalana de Biologia. May 13th
2022, Barcelona, Spain.

Guardiola-Ripoll M, Sotero-Moreno A, Kebir O, Chaumette B,
Almodévar-Paya C, Hostalet N, Moreira M, Giralt M, Salvador R, Odile-
Krebs M, Fatjo-Vilas M. Endocannabinoid system genetic variability
role on dermatoglyphic patterns and schizophrenia-spectrum
disorders. Oral Communication. 5th Biomed PhD Day. February 10th
2022, Barcelona, Spain.

Guardiola-Ripoll M, Sotero A, Almodévar-Paya C, Hostalet N, Salvador
R, Pomarol-Clotet E, Fatj¢-Vilas M. Novel findings on the
pathophysiological mechanisms in schizophrenia: studies on the brain
functional effects of haplotypic variability and genetic epistasis. Oral
communication. V/II Laboratorio de Ideas CIBERSAM 2021. May 25th-
27th 2021, virtual.

Latorre-Guardia M, Almodévar-Paya C, Penadés R, AriasB, Guardiola-
Ripoll M, Fuentes-Claramonte P, Garcia-Leon MA, Pomarol-Clotet E,
Fatj6-Vilas M. Impact of COMT and BDNF epigenetic profiles on brain
cortex in schizophrenia. Oral communication. X/ Jornada de Cromatina



i Epigenética de la Societat Catalana de Biologia. May 14th 2021,
Barcelona, Spain.

2018 8.

9. Guardiola-Ripoll M, Almodévar-Paya C, Salgado-Pineda P, Lubeiro A,
Alonso-Lana S, Ortiz-Gil J, Guerrer-Pedraza A, Sarré S, Pomarol-Clotet
E Fatj6-Vilas M. Genetic variability in neural excitability genes
modulates cognitive performance and brain activity a case-control
study in schizophrenia. Oral communication. X/ Simposi de
Neurobiologia de la Societat Catalana de Biologia. November 12th-13th
2018, Barcelona, Spain.

10. Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodévar-Paya C, Sarrd S,
Guerrero-Pedraza A, Pomarol-Clotet E Fatjo-Vilas M. Variabilidad en
genes del sistema dopaminérgico y cannabinoide y su asociaciéon con
el consumo de cannabis en pacientes con un primer episodio psicotico:
evidencias preliminaries. Poster communication. Jornada Cloenda
2017-2018 de la Societat Catalana de Psiquiatria i Salut Mental. June 1st
2018, Sitges, Spain.

11. Guardiola-Ripoll M, Almodévar-Paya C, Salgado-Pineda P, Lubeiro A,
Alonso-Lana S, Ortiz-Gil J, Guerrero-Pedraza A, Sarrd S, Pomarol-
Clotet E, Fatjo-Vilas M. CACNAIC and KCNH?2 effect on Cognitive
Performance and Brain Activity in Schizophrenia patients and healthy
subjects: Preliminary results. Oral communication. VI Laboratorio de
Ideas CIBERSAM 2018. May 31st - June 1st 2018, San Fernando, Spain.

2017 12.

I have attended 23 specialized courses, most of them related with neuroscience,
psychiatry, genetics, neuroimaging, and statistics.



2024

2023

2022

2021

10.

XXI Curso Intensivo CIBERSAM de Introduccién a la Investigaciéon en
Neurociencias. Entity: Consorcio CIBER para el &rea temaética de Salud
Mental (CIBERSAM). September 20th 2024, Barcelona, Spain.

XX Curso Intensivo CIBERSAM: “Redefiniendo la enfermedad mental:
La Esquizofrenia” (6h). Entity: Consorcio CIBER para el drea temadtica
de Salud Mental (CIBERSAM). September 9th 2023, Barcelona, Spain.

. WORKSHOP: Data-Science para biociencias (R, Python,

Bioinformatica) (9h). Entity: Institut de Recerca de la Biodiversitat
(IRBio), grup de recerca en Estadistica, Ciéncia de les Dades i
Bioinformatica, Departament de Genetica, Microbiologia i Estadistica,
Facultat de biologia, Universitat de Barcelona (UB). July 5th 2023,
Barcelona, Spain.

XI FORO CIBERSAM DE INVESTIGACION EN PSIQUIATRIA (11h).
Entity: Consorcio CIBER para el &rea temdtica de Salud Mental
(CIBERSAM). June 8th 2023, Barcelona, Spain.

XIX curso intensivo de introduccion a la investigaciéon en
neurociencias: The prenatal, perinatal and infant environmental risk
factors in mental disorders (7h). Entity: Consorcio CIBER para el area
teméatica de Salud Mental (CIBERSAM). September 9th 2022,
Barcelona, Spain.

Curso REDCap (20h). Entity: x7 Perseventh. January 10th-21th 2022,
Online.

X Foro Internacional Cibersam de Investigacién en Psiquiatria (11h).
Entity: Consorcio CIBER para el &rea temdtica de Salud Mental
(CIBERSAM). November 23th-25th 2021, Online.

Jornada cientifica: Utilizacién de muestras cerebrales humanas en el
estudio de enfermedades psiquiatricas (5h). Entity: Consorcio CIBER
para el area tematica de Salud Mental (CIBERSAM). November 11th
2021, Online.

XXIV Congreso Nacional de Psiquiatria (13h). Entitiy: Sociedad
Espafiola de Psiquiatria. October 28th-30th 2021, Valencia, Spain.

XVIII curso intensivo de introduccién a la investigacién en
neurociencias: actualizacion en la evaluacién, intervencién e
investigacion del maltrato infantil al principio de la vida (Sh). Entity:
Consorcio CIBER para el drea temética de Salud Mental (CIBERSAM).
June 28th-29th 2021, Barcelona, Spain.



2020

2019

2018

2017

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Jornada Cientifica: Descodificant el DNA, avencgos i nous reptes per al
futur (2,5h). Entity: Societat Catalana de Biologia. January 11th 2021,
Online.

[X foro internacional CIBERSAM de investigacion en psiquiatria (11h).
Entity: Consorcio CIBER para el 4rea temadtica de Salud Mental
(CIBERSAM). November 17th-19th 2020, Online.

Introduction to GWAS (Genome-Wide Association Studies (36h).
Entity: Transmitting Science. November 25th-29th 2019, Barcelona,
Spain.

[1I Curso de Actualizacion en Psicosis de inicio en la Infancia y la
Adolescencia (6h). Entity: Servicio de Psiquiatria y Psicologia (Hospital
Sant Joan de Déu) y Consorcio CIBER para el &rea temdtica de Salud
Mental (CIBERSAM). May 17th 2019, Barcelona, Spain.

XVII Curso Intensivo de Introduccion a la Investigacion en
Neurociencias: “Neuroendocrinologia del Trastorno Mental Infanto-
Juvenil (6h). Entity: Consorcio CIBER para el &rea temética de Salud
Mental (CIBERSAM). May 10th 2019, Barcelona, Spain.

V Curso de Técnicas de Neuroimagen Avanzada (80h). Entity:
FIDMAG Germanes Hospitalaries Research Foundation. November
2nd 2018 — April 12th 2019, Sant Boi de Llobregat, Spain.

V Curso de Estadistica Béasica para Ciencias de la Salud con Excel
(16h). Entity: FIDMAG Germanes Hospitalaries Research Foundation.
May 26th — Setember 2nd 2018, Barcelona, Spain.

XVI Curso Intensivo de Introduccion a la Investigacion en
Neurociencias: Estrés Oxidativo e Inflamacion en Enfermedad Mental:
;Causa o Consecuencia? (7h). Entity: Consorcio CIBER para el &rea
temética de Salud Mental (CIBERSAM). April 27th 2018, Barcelona,
Spain.

VIII Jornadas Unidad de Crisis de Adolescentes: Maltrato en la
Infancia y Adolescencia (6,5h). Entity: FIDMAG Germanes
Hospitalaries Research Foundation. February 28th 2018, Sant Boi de
Llobregat, Spain.

B-DEBATE. Natural Selection in Humans: Understanding our
adaptations (15h). Entity: Biocat, “la Caixa” Foundation y Insititute of
Evolutionary Biology (IBE). July 17th-18th 2017, Barcelona, Spain.

XV Curso Intensivo de Introduccién a la Investigacion en
Neurociencias: The Early Origin of Mental Health. Hours: 6h.
Responsable: L. Fafianas. Awarding entity: Consorcio CIBER para el



area tematica de Salud Mental (CIBERSAM). June 28th 2017,
Barcelona, Spain.

22. 11 Curso de Actualizacion en Psicosis de inicio en la Infancia y la
Adolescencia (8h). Entity: Consorcio CIBER para el area tematica de
Salud Mental (CIBERSAM). April 21th 2017, Barcelona, Spain.

23. XIV Curso Intensivo de Introduccion a la Investigacion en
Neurociencias: Cannabis y Enfermedad Mental (8h). Entity: Consorcio
CIBER para el area temdtica de Salud Mental (CIBERSAM). January
27th 2017, Barcelona, Spain.

[ have taught a total of 249h (in bachelor’s and master’s degrees), I have co-directed 4
master’s theses and 2 research stays. Moreover, | have been part of the panel of
bachelor’s (6 students) and master’s degree final projects (4 students).

Additionally, I also coordinate the rotation of the internal resident nurses from Benito
Menni Hospital through the FIDMAG research unit.

2023 -2024 1. Master's thesis co-direction. Master's degree in Biological
Anthropology. University of Barcelona (UB) and Autonomous
University of Barcelona (UAB). Title: Neuroimaging-genetic study on
the interplay between two schizophrenia-related genes: NRN1 and its
novel described receptor NPTN. Student: Yejin Mori.

2023 - 2022 2. Master’s thesis co-direction. Master’s degree in Introduction to
Research in Mental Health. University of Barcelona (UB),
Autonomous University of Barcelona (UAB), Universidad
Complutense de Madrid (UCM), Universidad de Céadiz (UCA),
Centro de Investigacion Biomédica en Red en Salud Mental
(CIBERSAM). Title: Cognitive remediation in schizophrenia: effects on
patterns of methylation in the NRNI gene. Student: Irene Goémez
Alonso. Qualification: Graded with Honors. July 14th 2023.

2021 -2020 3. Master’s thesis co-direction. Master's Degree in Neuroscience.
University of Barcelona (UB). Title: The role of BDNF and COMT
genes in schizophrenia.: analysis of genetic and methylation variability
and their neuroanatomical correlates. Student: Mariona Latorre
Guardia. Qualification: Graded with Honors. September 7th 2021.

2020 -2019 4. Master’s thesis co-direction. Master's degree in Biological
Anthropology. University of Barcelona (UB) and Autonomous



University of Barcelona (UAB). Title: The role of NRNI gene in
schizophrenia. analysis of its genetic variability in cortical thickness.
Student: Enric Garcia Torrents. Qualification: Graded with Honors.
September 14th 2020.

2024 - 2025  First semester

2023 - 2024

L.

Master's degree in human anthropology. Course: Laboratory II.
Course format: Lectures. Course type: Elective (1st semester).
Location: Faculty of Biology, University of Barcelona (UB). Total
hours: 10h.

Bachelor’s degree in biomedical science. Course: Biology:
Introduction to Biomedicine. Course format: Tutoring and problem-
solving session. Course type: Required (1st semester). Location:
Faculty of Biology, University of Barcelona (UB). Total hours: 12h.

First semester

Bachelor’s degree in biomedical science. Course: Genetic Basis of
Diseases. Course format: Tutoring and problem-solving session.
Course type: Required (1st semester). Location: Faculty of Biology,
University of Barcelona (UB). Total hours: 4h.

Bachelor’s degree in biomedical science. Course: Biology:
Introduction to Biomedicine. Course format: Tutoring and problem-
solving session. Course type: Required (1st semester). Location:
Faculty of Biology, University of Barcelona (UB). Total hours: 12h.

Bachelor’s degree in biomedical science. Course: Genetic Basis of
Diseases. Course format. Laboratory practice. Course type:
Required (1st semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 10h.

Master’s degree in human anthropology. Course: Basic Knowledge
in Biological Anthropology: Key Concepts. Course format: Lectures.
Course type: Elective (1st semester). Location: Faculty of Biology,
University of Barcelona (UB). Total hours: 5h.

Master’s degree in human anthropology. Course: Laboratory II.
Course format: Lectures. Course type: Elective (1st semester).
Location: Faculty of Biology, University of Barcelona (UB). Total
hours: 10h.




2022 - 2023

8.

10.

11

12.

13.

14.

15.

16.

Master's degree in human anthropology. Course: Laboratory II.
Course format: Laboratory practice. Course type: Elective (1st
semester). Location: Faculty of Biology, University of Barcelona
(UB). Total hours: 20h.

Second semester

Bachelor’s degree in biology. Course: Biological Anthropology.
Course format: Laboratory practice. Course type: Required (2nd
semester). Location: Faculty of Biology, University of Barcelona
(UB). Total hours: 33h.

Master's degree in human anthropology. Course: Molecular
Techniques Applied to Anthropology. Course format: Laboratory
practice. Course type: Elective (2nd semester). Location: Faculty of
Biology, University of Barcelona (UB). Total hours: 20h.

. Master's degree in human anthropology. Course: Genetic

Epidemiology [. Course format: Laboratory practice. Course type:
Elective (2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 20h.

Master's degree in human anthropology. Course: Genetic
Epidemiology II. Course format: Laboratory practice. Course type:
Elective (2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 20h.

Second semester

Bachelor’s degree in biology. Course: Biological Anthropology.
Course format: Laboratory practice. Course type: Required (2nd
semester). Location: Faculty of Biology, University of Barcelona
(UB). Total hours: 44h.

Master's degree in human anthropology. Course: Genetic
Epidemiology I. Course format: Lectures. Course type: Elective
(2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 10h.

Master's degree in human anthropology. Course: Genetic
Epidemiology II. Course format: Lectures. Course type: Elective
(2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 14h.

Master's degree in human anthropology. Course: Molecular
Techniques Applied to Anthropology. Course format: Lectures.




2021 - 2022
2020 - 2021
2021
2020

17.

18.

19.

20.

Course type: Elective (2nd semester). Location: Faculty of Biology,
University of Barcelona (UB). Total hours: 17h.

Second semester

Masters degree in human anthropology. Course: Genetic
Epidemiology II. Course format: Lectures. Course type: Elective
(2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 2h.

Second semester

Bachelor’s degree in biology. Course: Biological Anthropology.
Course format: Lectures. Course type: Required (2nd semester).
Location: Faculty of Biology, University of Barcelona (UB). Total
hours: 20h.

Master's degree in human anthropology. Course: Genetic
Epidemiology I. Course format: Lectures. Course type: Elective
(2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 7h.

Master's degree in human anthropology. Course: Genetic
Epidemiology II. Course format: Lectures. Course type: Elective
(2nd semester). Location: Faculty of Biology, University of
Barcelona (UB). Total hours: 9h.

Stay supervision. Master’s degree in Introduction to Research in
Mental Health. University of Barcelona (UB), Autonomous
University of Barcelona (UAB), Universidad Complutense de
Madrid (UCM), Universidad de Cadiz (UCA), Centro de
Investigacién Biomédica en Red en Salud Mental (CIBERSAM).
Student: Blanca Ruiz de La Torre Reyes. March 29th — April 2nd
2021.

Stay supervision. Master’s degree in Introduction to Research in
Mental Health. University of Barcelona (UB), Autonomous



2023 -2024

2022 - 2023

University of Barcelona (UAB), Universidad Complutense de
Madrid (UCM), Universidad de Cadiz (UCA), Centro de
Investigacién Biomédica en Red en Salud Mental (CIBERSAM).
Student: Susana Lira Rueda. April 20th-24th 2020.

Student: Eva Heredero Salén. Dates: January 16th — April 2nd 2024

Student: Marco Hernandez Muriel. Dates: January 16th — April 2nd
2024

Student: Maria Vaz Tejido. Dates: September 6th — 6th December
2023

Student: Raquel Valdovinos Garrido. Dates: May 3thr — July 26th
2023

- Almodévar-Paya C and Guardiola M. Cannabis, genética y trastornos mentales.
;Tienen algo que ver?. Conference integrated in the Aprenentatge i Serveis (ApS)
Educative Programme. IES Francisco Goya. May 15th 2018, Barcelona, Spain.

- Almodévar-Payd C and Esperanza E. Com som, qui som, que serem: esta tot
escrit als nostres gens?. Conference integrated in the Aprenentatge i Serveis (ApS)
Educative Programme. IES I'Alzina, May 5th 2016, Barcelona, Spain.

- Trobada entre cientifiques de la UB i noies estudiants d'instituts.

- Member of the Organizer Committee of the IV Biomed PhD Day. Congress
organized by students of the Biomedicine Doctoral Program. January 14th 2020,
Barcelona, Spain.
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