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ABBREVIATIONS

5-HT1a Serotonin 5-HT:a receptor.

5-HTa2a Serotonin 5-HTa2a receptor.

AAP Atypical antipsychotic.

ABCA13 ATP-binding cassette sub-family A member 13.

AC Adenylate cyclase.

ADAM A disintegrin and metalloprotease family.

ADAMTS A disintegrin and metalloprotease with thrombospondin motifs family.
ADAMTS2 ADAM Metallopeptidase with Thrombospondin Type 1 Motif 2.
ADHD Attention-Deficit Hyperactivity Disorder.

AIDS Acquired immune deficiency syndrome/Human immunodeficiency virus infection.
AKT Protein kinase B, PKB.

ALPL Tissue Non-Specific Alkaline Phosphatase.

AP Antipsychotic.

AP-1 AP-1 transcription factor.

APD Antipsychotic Drug.

ATF-1 Activating transcription factor-1.

BBB Blood-brain barrier.

bcl-2 B-cell lymphoma 2 protein

BD Bipolar disorder.

BDNF Brain-derived neurotrophic factor.

BPRS Brief Psychiatric Rating Scale.

bZIP Basic region/leucine zipper domain.

C57BL/6 Mice strain.

CaMK Ca?*/calmodulin-dependent protein kinase.

CaMKII Calcium/calmodulin-dependent protein kinase II.

CaMKIV Calcium/calmodulin-dependent protein kinase IV.

cAMP Cyclic adenosine monophosphate.

Cb Cerebellum.
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CBP
CCx
CD1 mice
CD177
CDSS
c-Fos
CaGI
ChIP
CNS
CNTNAP3
CNV
CRE
CREB
CRE-luc
CREM
CRGA
CRISP3
CSMD1
CSPG
CTX

Cx

D1

D2

Ds

D4

Ds
DALY
DARPP-32
DG
DGip
DGN
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CREB-binding protein.

Cingular cortex.

CD1 strain from Swiss mice.

CD177 antigen gene.

Calgary Depression Rating Scale for Schizophrenia.
AP-1 transcription factor subunit protein.
Clinical Global Impression test.
Chromatin immunoprecipitation.

Central Nervous System.

Contactin Associated Protein Like 3 gene.
Copy Number Variants.

CcAMP response element.

cAMP response element-binding protein.
CRE-luciferase reporter gene.

cAMP response element modulator.
Clinical Response Gene to Antipsychotics.
Cysteine Rich Secretory Protein 3.

CUB And Sushi Multiple Domains 1.
Chondroitin sulfate proteoglycan.

Cholera toxin.

Cortex.

Dopamine D1 receptor.

Dopamine D2 receptor.

Dopamine D3 receptor.

Dopamine D4 receptor.

Dopamine D5 receptor.
Disability-Adjusted Life Year.

Dopamine- and cAMP-regulated neuronal phosphoprotein.
Dentate gyrus.

Infrapyramidal blade of dentate gyrus.

Dorsal giant neuron.



Di Diencephalon.

DMS Dentate migration stream.

DNA Deoxyribonucleic acid.

DOI 5-HT2a and 5-HT2c agonist.

DSM-1V Diagnostic and Statistical Manual of Mental Disorders, IV edition.
DUP Duration of untreated psychosis.

ECM Extracellular matrix.

EGL External granular layer.

EHF ETS Domain-Containing Transcription Factor.

ELISA Enzyme-linked immunosorbent assay.

ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 enzyme.
EP Endopiriform nucleus.

EPS Extrapyramidal effects.

Erk Extracellular signal-regulated kinases.

FatiGO Significant associations gene Ontology terms web tool.
FEP First Episodes of non-affective Psychosis.

FGF6 Fibroblast growth factor 6.

FI Fimbria.

GABA Gamma-Aminobutyric acid.

GDP Gross Domestic Product.

GeneRIF Gene Reference into Function.

Giso Gi/o alpha protein subunit.

GPCR G protein-coupled receptors.

GPER G Protein-Coupled Estrogen Receptor 1.

GRIK3 Glutamate Ionotropic Receptor Kainate Type Subunit 3.
Gs/olf Gs/oif @alpha protein subunit.

GSK3 Glycogen synthase kinase 3.

GWAS Genome-Wide Association Studies.

Gai G Protein Subunit Alpha I1.

Gag G Protein Subunit Alpha Q.

Gas G Protein Subunit Alpha S.



ICx
INSC
ISO
KID
L-DOPA
LPL

Ls

LTF
MAPK
MDD
MES
mGlu2
MHC
ML
MMP8
MMP9
MMPs
mPFC
mMRNA
mRNA-seq
NAc
NCBI
NFAT
NMDA
OLFM4
OLR1
OMIM
p38
p90RSK
Padj-value

PAFIP
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Insular cortex.

Inscuteable Spindle Orientation Adaptor Protein.
Isthmic organizer region.

Kinase inducible domain.
3,4-dihydroxyphenylanine.

Lipoprotein Lipase.

Lateral septum.

Lactotransferrin.

Mitogen-activated protein kinase.

Major Depression Disorder.

Mesencephalon.

Metabotropic glutamate receptor 2.

Major Histocompatibility Complex.

Molecular layer.

Matrix metalloproteinase-8 or neutrophil collagenase.
Matrix metallopeptidase 9 or gelatinase B.
Matrix metallopeptidases.

Medial prefrontal cortex.

Messenger ribonucleic acid.

mRNA sequencing or ‘whole Transcriptome Shotgun Sequencing’.
Nucleus accumbens.

National Center for Biotechnology Information.
Nuclear factor of activated T-cells.
N-methyl-D-aspartate.

Olfactomedin 4.

Oxidized Low Density Lipoprotein Receptor 1.
Online Mendelian Inheritance in Man.

p38 mitogen-activated protein kinases (MAPK).
p90 ribosomal S6 kinase.

Adjusted P-value.

‘Programa Asistencial de las Fases Iniciales de Psicosis’.



PBMC
PFC
PI3K
PKA
PKC
PNN

PP1
PP2A
PP2B
PP2C
PTX
gPCR
Ras
RFX2
RNA
RNA
Rsk

RT
RT-gPCR
51008
SANS
SAPS
SCz
SELENBP1
Serl33
shRNA
SK-N-SH
SI-M
SIPS

SN

SNc

Peripheral blood mononuclear cell.

Prefrontal cortex.

Phosphoinositide 3-kinase.

Protein kinase A.

Protein kinase C.

Perineuronal net.

Protein phosphatase 1.

Protein phosphatase 2.

Protein phosphatase 2B.

Protein phosphatase 2C.

Pertussis toxin.

Quantitative polymerase chain reaction.

Ras GTPase.

Regulatory Factor X2.

Ribonucleic acid.

Ribonucleic acid.

Ribosomal s6 kinase.

Room temperature.

Reverse transcription gPCR.

S100 Calcium Binding Protein B.

Scale for the Assessment of Negative.

Scale for the Assessment of Positive Symptoms.
Schizophrenia.

Selenium Binding Protein 1

Phosphorylation site at serine 133 of CREB protein.
Short/small hairpin RNA.

Human Neuroblastoma Cell Line.

Stratum lacunosum and moleculare of CA1.
Structured interview for prodromal syndromes.
Substantia Nigra.

Substantia Nigra pars compacta.
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SNCA
SNP
SNr

St
STAT3
SYN2
TAP
TATA
TD
TGF-B
TPA
TUBB2A
UNC45B
VTA
WNT
YLD

YMRS
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Synuclein Alpha.

Single Nucleotide Polymorphism.
Substantia Nigra pars reticulata.
Striatal shell region.

Signal transducer and activator of transcription 3.
Synapsin II.

Typical antipsychotic.

TATA box, Goldberg-Hogness box.
Tardive dyskinesia.

Transforming growth factor beta.
Tetradecanoylphorbol acetate.
Tubulin Beta 2A Class IIa.

Unc-45 Myosin Chaperone B gene.
Ventral Tegmental Area.

Wnt signaling pathways.

Years Lost due to Disability.

Young Mania Rating Scale.
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INTRODUCTION

1. INTRODUCTION

1.1. Clinical and mechanistic insights of schizophrenia as a mental

disorder.

Schizophrenia (SCZ) is a severe neuropsychiatric disorder that may have a profound
effect on the affected individuals and in society, if optimal treatment is not implemented
since early phases of the illness. More than 50% of individuals who receive a diagnosis
have intermittent but long-term psychiatric alterations, and around 20% of them develop
chronic symptoms and disability (Owen et al. 2016). The definition of SCZ has evolved
through the last 100 years due to its increasing complexity (Insel 2010) as can be
reflected by continuous changes in its diagnosis criteria in all editions of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-1V; table 1.1.) (Tandon et al. 2013;
Tandon et al. 2008a; 2008b). Currently, no diagnostic tests nor biomarkers are available.
Generally, diagnosis has been based on clinical observation, specifically: the identification
of symptoms that tend to cluster together, the ‘timing of the symptoms’ appearance, and

their tendency to resolve, recur or become chronic (Hyman 2007).

Currently, schizophrenia is one of the most studied pathologies in neuroscience and,
possibly, still the most enigmatic in this discipline. The substantial gaps in our knowledge
of the neurobiology that underlies mental disorders and SCZ largely derive from the
difficulty of characterizing the mechanisms and circuitry that underlie higher brain
functions, the complexity of the genetic and developmental underpinnings of normal and
abnormal behavioural variation and the unsatisfactory utility of biomarkers and animal
models of mental disorders (Hyman 2007). It is probably premature to bring
neurobiology into the formal classification of the schizophrenia but is important
incorporate neurobiology knowledge as tool to rethink the current approach to diagnoses

this mental disorder.
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Table 1.1. DSM-IV criteria diagnosis for schizophrenia. Adapted from Tandom R et al.,

Qrhiznnhr Rec

2Nn13

DSM-IV

Disorder class

Schizophrenia and Other Psychotic Disorders.

A. Characteristic
symptoms:

Two (or more) of the following, each present for a significant portion of time during a 1-month period
(or less if successfully treated):

1. delusions

2. hallucinations

3. disorganized speech (e.g., frequent derailment or incoherence)

4. grossly disorganized or catatonic behavior

5. negative symptoms (i.e., affective flattering, alogia, or avolition).

Note: Only one Criterion A symptom is required if delusions are bizarre or hallucinations consist of a
voice keeping up a running commentary on the person’s behavior or thoughts, or two or more voices
conversing with each other.

B. Social/occupational
dysfunction:

For a significant portion of the time since the onset of the disturbance, one or more major areas of
functioning such as work, interpersonal relations, or self-care are markedly below the level achieved
prior to the onset (or when the onset is in childhood or adolescence, failure to achieve expected level of
interpersonal, academic, or occupational achievement).

C. Duration:

Continuous signs of the disturbance persist for at least 6 months. This 6-month period must include at
least 1 month of symptoms (or less if successfully treated) that meet Criterion A (i.e., active-phase
symptoms) and may include periods of prodromal or residual symptoms. During these prodromal or
residual periods, the signs of the disturbance may be manifested by only negative symptoms or two or
more symptoms listed in Criterion A present in an attenuated form (e.g., odd beliefs, unusual perceptual
experiences).

D. Schizoaffective and
Mood Disorder exclusion:

Schizoaffective Disorder and Mood Disorder With Psychotic Features have been ruled out because either
(1) no Major Depressive, Manic, or Mixed Episodes have occurred concurrently with the active-phase
symptoms; or (2) if mood episodes have occurred during active-phase symptoms, their total duration
has been brief relative to the duration of the active and residual periods.

E. Substance/general
medical condition
exclusion:

The disturbance is not due to the direct physiological effects of a substance (e.g., a drug of abuse, a
medication) or a general medical condition.

F. Relationship to a
Pervasive Developmental
Disorder:

If there is a history of Autistic Disorder or another Pervasive Developmental Disorder, the additional
diagnosis of Schizophrenia is made only if prominent delusions or hallucinations are also present for at
least a month (or less if successfully treated).

Classification of

longitudinal course (can be
applied only after at least

1 year has elapsed since

the initial onset of active-

phase symptoms):

Episodic With Interepisode Residual Symptoms (episodes are defined by the reemergence of prominent
psychotic symptoms); also specify if:

With Prominent Negative Symptoms.
Episodic With No Interepisode Residual Symptoms.

Continuous (prominent psychotic symptoms are present throughout the period of observation); also
specify if: With Prominent Negative Symptoms.

Single Episode In Partial Remission; also specify if: With Prominent Negative Symptoms.
Single Episode In Full Remission.

Other or Unspecified Pattern.

Paranoid Type (295.30):

A type of Schizophrenia in which the following criteria are met:

A. Preoccupation with one or more delusions or frequent auditory hallucinations.
B. None of the following is prominent: disorganized speech, disorganized or catatonic behavior, or flat
or inappropriate affect.

Disorganized Type
(295.10):

A type of Schizophrenia in which the following criteria are met:

A. All of the following are prominent:
disorganized speech
disorganized behavior
flat or inappropriate affect

B. The criteria are not met for Catatonic Type.

Catatonic Type (295.20):

A type of Schizophrenia in which the clinical picture is dominated by at least two of the following:

1. motoric immobility as evidenced by catalepsy (including waxy flexibility) or stupor.

2. excessive motor activity (that is apparently purposeless and not influenced by external stimuli).

3. extreme negativism (an apparently motiveless resistance to all instructions or maintenance of a rigid
posture against attempts to be moved) or mutism.

4. peculiarities of voluntary movement as evidenced by posturing (voluntary assumption of
inappropriate or bizarre postures), stereotyped movements, prominent mannerisms, or prominent
grimacing.

5. echolalia or echopraxia.

Undifferentiated Type
(295.90):

A type of Schizophrenia in which symptoms that meet Criterion A are present, but the criteria are not
met for the Paranoid, Disorganized, or Catatonic Type.

Residual Type (295.60):

A type of Schizophrenia in which the following criteria are met:

A. Absence of prominent delusions, hallucinations, disorganized speech, and grossly disorganized or
catatonic behavior.

B. There is continuing evidence of the disturbance, as indicated by the presence of negative symptoms
or two or more symptoms listed in Criterion A for Schizophrenia, present in an attenuated form (e.g.,
odd beliefs, unusual perceptual experiences).
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1.1.1. Clinical presentation, signs and symptoms of schizophrenia.

Highly variable psychopathology is characteristic of this mental disorder affecting
cognition, emotion, perception of reality and other behaviour aspects (Saddock. 2008).
For these reasons, SCZ is a complex syndrome with a heterogeneous combination of
symptoms that also vary over time. The symptomatology has been traditionally classified
into “positive”, “negative” and “cognitive” categories (Table 1.1.). Positive symptoms
reflect behaviour and thoughts that are not normally present, such as recurrent psychosis,
which is the “loss of contact with reality” situation that consists of delusions, hallucinations
and disorganized speech and behaviour. The amotivational syndrome is characterized by
negative symptoms, which includes social withdrawal, affective flattening, alogia,
anhedonia (the inability to feel emotions) and avolition (diminished initiative and energy).

Finally, cognitive symptoms are expressed as a broad set of cognitive dysfunctions (Kahn

et al. 2015).

Some authors questioned the current emphasis on psychosis symptoms in the diagnosis
of the schizophrenia, which could be involuntarily hiding the true causes of the disease.
Indeed, prognosis of SCZ has not changed substantially since the introduction of
chlorpromazine as antipsychotic more than 50 years ago, and some argue it has not
meaningfully improved since the illness was first described. In this way, old and new
evidences focus on the cognitive underperformance as the possible origin of the disorder
and the relevance that should be the main object of the treatment of the schizophrenia

(Kahn and Keefe 2013).

1.1.2. Epidemiology of schizophrenia.

The risk of schizophrenia diagnosis throughout life affects about 1% of the population
(Kahn et al. 2015). Furthermore, the annual incidence of psychosis varies between 7 and
20.1 per 100.000 inhabitants depending on we measure the first episodes of SCZ in the

strict sense, or more broadly the first episodes of non-affective psychosis (Baldwin et al.
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2005). But this incidence might be associated with clinical and social-demographic
factors, male gender, urban environments, socioeconomic status variables and drug
consumption, especially cannabis. In this way, a number of studies carried out by our
group, established an annual incidence of 13.8 per 100.000 of first episodes of non-
affective psychosis (FEP) for risk-age population of Cantabria (Spain) (Pelayo-Teran et al.
2008). In this line of evidence, several meta-analyses (Aleman et al. 2003; McGrath et
al. 2004), detected that men have a higher probability of developing schizophrenia with
a relative risk of 1.4 when compared to women. This, observation was confirmed by our
group in Cantabria where a relative risk of 1.6 was found (Pelayo-Teran et al. 2008).
Finally, data from literature reveal that there is a very significant association between a
series of social variables, like for example residence in urban areas, that are potentially
linked to negative psychological, biological and social factors which generate stress and
social disintegration, and thus increase the risk of developing schizophrenia (McGrath et

al. 2004; Selten and Cantor-Graae 2005; van Os et al. 2010).

1.1.3. Course of the illness.

First symptoms usually appear in early adulthood, between 15 and 35 years (50% before
25 years) (Saha et al. 2005), usually coinciding with an important stage in the complete
individual development (Table 1.2.). Our studies carried out in Cantabria, revealed that
SCZ appears between 3 and 5 years earlier in men than in women (Pelayo-Teran et al.

2008).

Schizophrenia and psychosis are classically presented as chronic course disorders with
frequent relapses and tendency to develop resistance to treatment and social deficits. In
this way, a number of studies demonstrated that a discrete proportion of patients (50%)
experienced a recovery or significant clinical improvement: family history of psychosis,
lengthy duration of untreated psychosis (DUP), poor adjustment during late adolescence
and lower severity of positive symptoms at baseline may compromise the potential for
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clinical response after a FEP in the short-term (Crespo-Facorro et al. 2013). This was
confirmed in two meta-analyses that were performed by including all the data in literature
of the 20t century: 40% of the patients had clinical improvement after 5-6 years of
follow-up with 27.1% of these experiencing a “bad course” (Hegarty et al. 1994; Menezes
et al. 2006). Studies from our group revealed that non-adherence to medication is the
best predictor of relapse following a FEP (Caseiro et al. 2012). In this way, enhancing
adherence to treatment and improving the timing in the clinical interventions is essential
for the future of the clinical management of psychosis (Ayesa-Arriola et al. 2019).

Table 1.2. Stages of schizophrenia. Stage I, pre-symptomatic risk; stage II, pre-psychotic

prodrome; stage III, acute psychosis; stage IV, chronic illness. Adapted from Insel R, Nature
(2010).

Stage I Stage II Stage III Stage IV
Features Genetic vulnerability Cognitive, behavioural Abnormal thought and  Loss of function
Environmental exposure and social deficits behaviour Medical complications
Help-seeking Relapsing-remitting Incarceration
course
Diagnosis Genetic sequence SIPS Clinical interview Clinical interview
Family history Cognitive assessment Loss of insight Loss of function
Imaging
Disability None/mild cognitive Change in school and Acute loss of function Chronic disability
deficit social function Acute family distress Unemployment

Homelessmess

Intervention Unknown Cognitive training? Medication Medication
Polyunsaturated fatty Psychosocial Psychosocial
acids? interventions interventions
Family support? Rehabilitations services

However, despite a good disorder “outcome”, there is still a tendency to present a chronic
evolution with deficits in psycho-social functioning. Therefore, this disorder causes a high
degree of disability (Ertugrul and Ulug 2002), being considered as the third cause of
disability in the world (WHO World Health Report 2010). Thus, schizophrenia is
responsible for 1.1% of Disability-Adjusted Life Year (DALY) and 2.8% of Years Lost due
to Disability (YLD) (Murray and Lopez 1996; Rossler et al. 2005). Previous work from our

group support the notion that premorbid social adjustment is an important aspect in
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functional outcome over the course of the illness, and neurocognition at baseline is not a
predictive factor for long-term functional disability (Ayesa-Arriola et al. 2013). In addition,
it is well known the people with affected families also suffer considerable overload due to
the symptoms of the disorder (Schulze and Rossler 2005). Considering all the data
depicted above, schizophrenia generates a significant cost to the community (Mayoral-
van Son et al. 2018). Considering direct and indirect cost, although latter are mainly
responsible for the high expense, it has been estimated to reach up to 2% of GDP in
western countries (Black and Andreasen 1999). In the same way, this disorder produces
a high cost in Spain, which factors that determine its high expenses are similar to other
countries (Mayoral-van Son et al. 2018; Negrin and Vazquez-Polo 2006; Vazquez-Polo et

al. 2005).

1.1.4. Cognitive functioning.

Almost 100 years ago when schizophrenia was first defined in its current form it was
called ‘dementia praecox’, the focus being on the intellectual deterioration that
accompanied the syndrome. In the following years, the focus shifted to the psychosis, the
delusions, and the hallucinations as the cardinal features of the illness (Guloksuz and van
Os 2018). However, in the last decades, there has been a resurgence of interest in the
cognitive alterations of SCZ (attention, speed of processing, working and long-term
memory, executive function, and social cognition) (Fioravanti et al. 2005). Although these
symptoms have received poor clinical attention, they are important contributors to the
patient’s inability to regain function and vocation. These alterations are well established
by the time of the first episode, show scarce relation to psychotic symptoms, are not
much influenced by the currently medications, and often show no improvement despite
complete resolution of psychotic symptoms (van Os and Kapur 2009). Consequently,
development of new medications targeting cognitive dysfunctions and cognitive

remediations approaches are essential in the therapeutic progress of schizophrenia.

26



INTRODUCTION
1.1.5. Mechanisms and pathophysiology of schizophrenia.

Schizophrenia is hypothesized to be the result of a complex interplay between genetic
and environmental risk factors that influence early brain development and the trajectory
of biological adaptation of life experiences (Howes and Murray 2014; Weinberger and
Levitt 2011). Recent studies have focused on the molecular signatures of a more-subtle
pathology that primarily involves the functional state of specific cell populations and the
architecture of cell-cell communication. Results revealed abnormalities in cellular and
neurotransmitter mechanisms in SCZ patients, but it is difficult to disambiguate what is
related to the state of illness and the epiphenomena of illness (effects of treatment,
disease chronicity and co-morbidity) from basic mechanisms that lead to iliness (Kahn et

al. 2015).

1.1.5.1. Gene and environment interplay.

Many genetic epidemiological studies have shown, for more than 50 years, that genetic
factors contribute substantially, but not exclusively, to the underlying cause of
schizophrenia (Owen et al. 2016). Twin studies suggest that the syndrome has heritability
estimates of around 80% (Cardno and Gottesman 2000; Polderman et al. 2015). Recent
findings have suggested that a small proportion of SCZ incidence could be explained by
rare structural variations (copy number variants, CNVs: large regions of the genome that
have been deleted or duplicated), that taken individually, can confer a relatively high risk
of schizophrenia (Malhotra and Sebat 2012). Although the net contribution of mutations
of this type is unknown, and much larger sequencing studies are pending (Owen et al.
2016). Nonetheless, these alleles conferring high individual risk are rare in the general
population without relatives with schizophrenia, maybe due to effects of natural selection

(reduced fecundity in patients) (Rees et al. 2014) (Figure 1.1.).

Relevant studies have demonstrated significant sharing of common risk variants between

schizophrenia and other mental disorders, such as major depression disorder (MDD),
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bipolar disorder (BD), anxiety disorder and attention deficit hyperactivity disorder
(ADHD), whereas neurological disorders are more genetically distinct (Anttila et al. 2018).
Across categories, psychiatry and neurologic disorders share relatively little common
genetic risks, suggesting that multiple different and largely independently regulated
aetiological pathways may give rise to similar clinical manifestations (e.g., psychosis,
which manifests in both SCZ and Alzheimer’s disease) (Buckley et al. 2009; Lyketsos et
al. 2000). These evidences suggest that existing diagnostic categories might not be best

for stratification of cases for research into disease cause and pathogenesis.

General population
Third-degree relative
Second-degree relative

Siblings

Children of one affected parents
Children of two affected parents
Dizygotic twins

Monozygotic twins

0 10 20 30 40 50 60

Lifetime risk of schizophrenia (%)

Figure 1.1. Lifetime risk of schizophrenia in relatives of people with schizophrenia.
Adapted from Kahn RS et al., Nature reviews (2015).

Rare mutations, CNVs, and SNPs have been reported in genes encoding a range of
synaptic proteins, such as glutamate receptors, voltage dependent calcium channel family
of proteins, and D receptor which is the principal target of antipsychotic drugs (APDs)
(Hall et al. 2015; Ripke et al. 2014). The relation between glutamatergic dysfunction and
abnormalities of dopamine (DA) signalling might provide a clue as to how psychosis and
cognitive deficits arise in SCZ and related disorders (Owen et al. 2016). These are very

unlikely to be the only mechanisms involved, and more possible processes are expected
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to emerge as we move into the next phase of genomic studies. Of note, the most
significant association from genome-wide association studies (GWAS) of schizophrenia is
with multiple highly correlated variants in major histocompatibility complex (MHC) (Ripke
et al. 2014; Ripke et al. 2013), findings that are in accord with epidemiological and clinical
studies implicating immune and inflammatory processes in psychiatric disorders (Smyth

and Lawrie 2013).

It is noteworthy that most genetic discoveries in schizophrenia do not yet have direct
clinical application, but a positive test (such as a chromosomal microarray analysis) would
have implications for genetic counselling and medical management because many CNVs
are associated with specific patterns of physical morbidities (Baker et al. 2014). A genetic
diagnosis might also have psychological benefits for patients and their families by

reducing internalised stigma and self-blame.

1.1.5.2. Neurodevelopmental factors.

A large number of evidences suggest that schizophrenia has its origins in early life (Owen
et al. 2011) (Figure 1.2.). This “neurodevelopmental hypothesis” is consistent with
epidemiological data revealing a link between infections during pregnancy (Kneeland and
Fatemi 2013), obstetric complications and increased risk of developing the disorder
(Mittal et al. 2009). Interestingly, many of the genes that have been associated with SCZ
show preferential expression during fetal development (Gulsuner et al. 2013). These
evidences suggest that individuals who manifest schizophrenia as adults have
compromised early neurodevelopmental milestones (Sorensen et al. 2010).
Neurodegeneration is not found in individuals with schizophrenia and cognitive
development is compromised in patients long before they manifest the conditions in early

adult life (Kahn and Keefe 2013).

Several investigations are required to clarify why the early development antecedents

would manifest as cognitive and social difficulties for the first two decades of life and then
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Grey-matter volume changes during normal development
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Figure 1.2. Neurodevelopmental model of schizophrenia. (A) Normal cortical development
involves proliferation, migration, arborization (circuit formation) and myelination, with the first
two processes occurring mostly during prenatal life and the latter two continuing through the
first two post-natal decades. The combined effects of pruning of the neuronal arbor and myelin
deposition are thought to account for the progressive reduction of grey-matter volume observed
with longitudinal neuroimaging. Beneath this observed overall reduction, local changes are far
more complex. Data from human and nonhuman primate brain indicate increases in inhibitory
and decreases in excitatory synaptic strength occurring in prefrontal cortex throughout
adolescence and early adulthood, during the period of prodrome and emergence of psychosis.
(B) The trajectory in children developing schizophrenia could include reduced elaboration of
inhibitory pathways and excessive pruning of excitatory pathways leading to altered excitatory-
inhibitory balance in the prefrontal cortex. Reduced myelination would alter connectivity.
Although some data support each of these possible neurodevelopmental mechanisms for
schizophrenia, none has been proven to cause the syndrome. Detection of prodromal
neurodevelopmental changes could permit early intervention with potential prevention or
preemption of psychosis. Adapted from Insel R, Nature (2010).
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emerge as a profound psychotic illness in early adulthood. An important factor might be
the dramatic alterations in cortical synaptic organization, area with a key role in cognition
and memory, observed by neuroimaging in patients (Paus et al. 2008). For these reasons,
increasingly, it is conceivable that SCZ is not a disease per se but a state of brain
maturation with a particular pattern of emergent response to experience, which, for
various diverse and complex genetic and environmental reasons, 1 % of the population

manifest (Weinberger 1987).

1.2. Dopamine system and pharmacology of psychosis.
1.2.1. The dopaminergic system.

Dopamine receptors (Di, D2, D3, Ds, and Ds) are G protein-coupled receptors (GPCRs)
that mediate all of the physiological functions of the catecholaminergic neurotransmitter
dopamine (DA), ranging from voluntary movement and reward to hormonal regulation
and hypertension (Meneses 2014). Dopamine, like other neurotransmitters, is stored in
synaptic vesicles and is typically released in an activity-dependent manner. These
receptors are conventionally classified in mammals in two general categories: (1) Di-class
family (D1 and Ds receptors) coupled with a Ggs/oif SUbunit that increase cAMP levels and
activate protein kinase A (PKA); and (2) Dx-class family (D2, D3, and D4 receptors) coupled
with a Ggi/o subunit that decrease cAMP levels (Beaulieu and Gainetdinov 2011). Moreover,
evidence suggest that dopamine receptors directly interact with various ion channels,
including subunits of the NMDA receptor, within different brain regions (LaLumiere 2014).
Di-class receptors (hereafter referred to D1) are typically found on the postsynaptic cell
but can be located presynaptically, functioning to increase transmitter release, whereas
D.-class receptors (hereafter D2) are located both presynaptically, functioning to inhibit

neurotransmitter release, and postsynaptically (Beaulieu and Gainetdinov 2011).

31



INTRODUCTION

Dopamine-producing neurons are present within only a few cell groups in the central
nervous system (CNS) (Figure 1.3.). The major groups are located in the A8, A9 and
A10 cell groups within the midbrain and collectively form the ventral tegmental area
(VTA)-substantia nigra (SN) (Bjorklund and Dunnett 2007). The SN is divided into two
components: the pars compacta (SNc), which comprise the A9 dopamine neurons; and
the pars reticulata (SNr), which contains GABAergic cells. In contrast, the A12 and A13
cell groups, which also produce dopamine, are found in the hypothalamus, whereas a
third group, the Al1 cells, is located in the subparafasicular thalamic nucleus (Bjorklund
and Dunnett 2007). The VTA and SNc project throughout the forebrain and are
responsible for most of the dopaminergic innervation of the forebrain (Figure 1.3.). The
SNc provides a highly dense innervation of the dorsal striatum with little dopamine
innervation of other structures. In contrast, the VTA projects to regions of the limbic
system, including the hippocampus, the amygdala, and the bed nucleus of the stria
terminalis, as well as to a variety of cortical regions, including the prefrontal cortex (PFC),
and thus, the entire VTA innervation of the forebrain is known as the “mesocorticolimbic

system” (LaLumiere 2014). D; receptors can be found at moderate-to-dense levels

A B Mesocortical Mesolimbic Nigrostriatal

Cortex

Striatum

Tuberoindfundibular

Figure 1.3. Distribution of dopamine neuron cell groups in rodent and human brain.
The dopamine neurons in the mammalian brain are localized in nine distinctive cell groups,
distributed from the mesencephalon to the olfactory bulb, as illustrated schematically, in a
sagittal view, in (A) the adult rodent and (B) the adult human brain. The principal projections
of the DA cell groups are illustrated by arrows). Adapted from Bjérklund A and Dunnett S,
TRENDS in Neurosciences (2007).
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throughout the target regions of the mesocorticolimbic and nigrostrial pathways. Ds
receptors, in contrast, are expressed at considerably lower levels in cortical regions, the
hippocampus, and the striatum. D;-class receptors are found at dense levels throughout
the striatum and are also located in cortical and limbic targets as well as within the

midbrain (VTA-SN) (Beaulieu and Gainetdinov 2011).

1.2.2. Schizophrenia and dopaminergic system

Pharmacological agents targeting dopaminergic neurotransmission have been clinically
used in the management of several neurological and psychiatric disorders (e.g.,
Parkinson’s disease, schizophrenia, bipolar disorder, Huntington’s disease, ADHD, and
Tourette’s syndrome) (Meneses 2014). There is a substantial evidence that the
dopaminergic system is responsive in the pathogenesis of SCZ and related disorders
(Howes and Kapur 2009). To explain its key role, the “dopaminergic hypothesis” of
schizophrenia is based on two main observations: (1) all APDs in use today block
dopamine D; at clinically effective doses (Kapur and Remington 2001); and (2) drugs that
drive DA release or increase DA transmission (such as amphetamine and L-DOPA), will
exacerbate psychosis in patients with SCZ and can induce schizophrenia-like symptoms
in control individuals (Angrist et al. 1974; Janowsky et al. 1973). Nonetheless, there is
a little evidence for dysfunction within the dopamine system itself in individuals with
schizophrenia (Grace 1991; 2012), and the focus of much research has turned instead to

the dysregulation of the dopamine system by afferent structures.

The role of Dy in PFC function is well acknowledged (Takahashi et al. 2012). The PFC is
implicated in cognitive processes such as reasoning, planning and spatial ability (Wood
and Grafman 2003), and particularly for this reason the cognitive role of D; receptors in
schizophrenia has been investigated in various studies (Floresco 2013). Older studies in
working memory shown that PFC dopamine acting via D; receptors, regulates cognition
in accordance to an “inverted-U"-shaped function, so that so little or too much activity
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has detrimental effects on performance. However, recent studies have indicated that the
receptor mechanism through which mesocortical dopamine regulates different aspects of
behavioral flexibility can vary considerably across different dopamine receptors and

cognitive operations (Meneses 2014).

1.2.3. Antipsychotic drugs and pharmacology of schizophrenia.

Antipsychotics (APs) are the mainstay drugs for treating schizophrenia, bipolar disorder
and other brain diseases with psychotic features (Miyamoto et al. 2012). Historically,
these drugs are divided into two categories: (1) typical antipsychotics (TAPs), referred to
as first-generation drugs; and (2) atypical antipsychotics (AAPs), referred to as second-
generation drugs. The distinction is based solely on the concept that AAPs have reduced
extrapyramidal side effects (EPS) such as parkinsonism and tardive dyskinesia (TD), and
eventually a better profile in terms of social and cognitive improvement (Meltzer 2013).
However, this classification has been questioned by different authors, suggesting that

each AP is unique (Grunder et al. 2009; Keefe et al. 2004).

The first antipsychotic drug was chlorpromazine, discovered serendipitously in the early
1950s. These new drugs shown antipsychotic actions as well as EPS, led to their being
called “neuroleptic drugs”, reducing hospitalization and deaths of SCZ and psychotic
patients. After, in the 1960s, it started to be understood that these medications act by
blocking receptors for the neurotransmitter dopamine (Miller 2009a). Then, in the 1970s,
the AAPs were introduced through clozapine. These new drugs were demonstrated to be
very effective not only for treating the positive symptoms but also to reduce the negative
and cognitive associated problems, including a strong reduction of motor-related side
effects (Wenthur and Lindsley 2013). Despite this, symptoms are less but not eliminated,
and other problems such as weight gain and the “metabolic syndrome” have caused
increasing concern (Miller 2009a). Particularly, clozapine proved cognitive improvement
and effective in patients resistant to other APDs (Gillespie et al. 2017), focusing the
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present introduction on this AAP drug. Unfortunately, clozapine benefits have been
outweighed by its potential side effects, like for example the increased risk of severe
haematological effects (i.e. neutropenia and agranulocytosis), or weight gain (Miller
2009a). For this reason, there has been a strong effort to find new drugs as effective as

clozapine but devoid its relevant side effects.

The discovery of the AAPs introduced a new concept in relation to the mechanism of
action, classically assigned to the dopamine D, receptor. These drugs shown low affinity
for the D,, been an effective APD through the involvement of other receptors, such as
serotonin 5-HT,a receptors (Aringhieri et al. 2018). From the involvement of other
receptors in the pharmacology of the SCZ and psychosis, a number of hypothesis have
been tried to explain unambiguously and unsatisfactory the mechanism of “atypia”
(Miyamoto et al. 2005) (Figure 1.4.). Indeed, many evidences have pointed out the

importance of other GPCRs beyond D; and 5-HTza, such as other dopamine, serotonin,
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Figure 1.4. Molecular targets of antipsychotic drugs. List of the most relevant targets
involved in the mechanism of action of APDs based on receptor occupancy. Values are reported
as high (e), medium (o) and low (e). e, m and * represent receptor antagonism, partial agonism
and positive allosterism, respectively. e represents BDNF production, while * represents positive
allosterism by the clozapine metabolite, norclozapine, at M1 and M4 receptors. Aripiprazole is
shown at the bottom for its different mechanism of action. Clozapine covers a wide range of
molecular targets among all APDs, while risperidone and haloperidol are mostly limited to just a
few, and this might explain clozapine’s superiority among APDs. Adapted from Aringhieri S et
al., Pharmacol Ther (2018).
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muscarinic, adrenergic, glutamatergic and histamine receptors (Meltzer and Massey
2011). Besides GPCRs, other targets have been considered, such as ion channels (e.g.

NMDA), transporters (e.g. glycine transporters) and enzymes (e.g. GSK3).

Although acute events, such as psychoses, are probably controlled by short-term effects
of AAPs that are mostly mediated by their receptors affinities, it is evident that these
drugs have more complex effects, particularly in the long term, involving intracellular
mechanism that may regulate neuronal functionality, neuroplasticity and neurogenesis
through the activation of signalling pathways like MAPK, PKA and PI3K/AKT (Aringhieri et

al. 2018).

1.2.3.1. Neuroleptic-resistant psychosis and clinical differences among
antipsychotic drugs.

In clinical practice, the question as to which APD should be preferred to ensure the highest
therapeutic success for treating schizophrenia or other psychoses is a complex subject.
It has long been suspected that some psychotic patients do not respond to standard APDs
(Miller 2009a; 2009b). It is particularly relevant for psychiatric disorders where more than
1/3™ of the patients do not receive any benefit from the pharmacological treatment
(refractory to treatment), and where 20-60% of the patients, in the long-term, suspend
drug usage either due to side effects or for non-adherence (poor compliance), leading to

increased morbidity and mortality (Aringhieri et al. 2018).

Many studies demonstrated a better outcome with AAPs compared to TAPs in several
aspects, such as efficacy, quality of life, tolerability, drop out and side effects (Leucht et
al. 2013; Leucht et al. 2009; Leucht et al. 2017). However, not all AAPs have achieved
the same results in the treatment of positive and negative symptoms of SCZ, and some
authors have proposed a continuum spectrum of atypia that ranges from risperidone, the
least atypical (with similar effects than lower doses of haloperidol), to clozapine, the most

atypical (Aringhieri et al. 2018). In this context, clozapine is probably the most effective
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therapeutic medication as compared to other APD (Leucht et al. 2009; Miller 2009a;
2009b). On treatment-resistant patients, clozapine is superior to all other AAPs, and since
its discovery is still considered the “gold standard” for treatment-refractory schizophrenia

(Siskind et al. 2016).

1.2.3.2. Antipsychotic side effects.

Regarding motor side effects, there is a continuum among AAPs starting from clozapine
that practically never shows EPS and ending with risperidone that shows a notable rate
of parkinsonism (Leucht et al. 2013). Also, clozapine very rarely causes tardive dyskinesia
(TD) (Aringhieri et al. 2018). Though in terms of motor side effects and
hyperprolactinemia the AAPs are superior to TAPs, unfortunately the AAPs cause weight
gain and other metabolic problems. New AAPs seem to have a low likelihood to cause this
side effects, but this advantage has to be balanced against therapeutic efficacy (Leucht
et al. 2017). On negative symptoms, the data are consistently in favour of AAPs: TAPs
have a negative impact on dopaminergic activity in the PFC mainly their strong D>

antagonism (Aringhieri et al. 2018).

Regarding the cognitive deficits associated with schizophrenia, AAPs may produce a mild
remediation with different effects on specific cognitive domains. Clozapine significantly
improves verbal fluency more than other AAPs (Woodward et al. 2005), possibly related
to increased release of dopamine and other neurotransmitters in the PFC and
hippocampus (Ichikawa et al. 2002; Shirazi-Southall et al. 2002). Unfortunately, these
favourable characteristics of clozapine have to be well balanced with its side effects, like
agranulocytosis, weight gain and metabolic problems (Aringhieri et al. 2018). Thus, since
the conception of personalized pharmacotherapy, strong efforts may be done to
understand all interindividual variables that influence the therapeutic response of

schizophrenia patients.
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1.3. CREB role in psychosis.

1.3.1. Molecular structure of CREB.

In human and mouse, the CREB (cAMP response element-binding protein) genes are
located on chromosome 2g33.3 and consist of 11 exons and 3 isoforms (a, B and A)
produced through alternative splicing with identical function (Ichiki 2006). The full-length
sequence of CREB can be divided in four functional domains (Figure 1.5.): (1) Q1 basal
transcriptional activity domain, localized at N-terminus, interacts with TATA binding
protein and promotes gene transcription (Felinski and Quinn 2001); (2) kinase inducible
domain (KID), localized in the middle region that contains Ser133 which phosphorylation
by multiple protein kinases is necessary for the activation of CREB (Sun et al. 2016); (3)
a glutamine-rich Q2 domain for constitutive activation, responsible for binding with RNA
polymerase II initiation complex through the recognition and binding to the canonical CRE
(5'-TGACGTCA-3’) (Altarejos and Montminy 2011); and (4) a basic region/leucine zipper
domain (bZIP), at carboxy terminal, required for the dimerization of CREB (Schumacher

et al. 2000).

The upstream protein kinases activating CREB include protein kinase A (PKA), protein
kinase B (PKB, also known as Akt), protein kinase C (PKC), calcium/calmodulin-dependent
protein kinase II (CaMKII), p90 ribosomal S6 kinase (p90RSK), casein kinase I and casein
kinase II (Trinh et al. 2013; Wen et al. 2010) (Figures 1.5 and 1.6.). PKA
phosphorylation does not alter the secondary structure of CREB, and therefore, has no
effect on the binding of CREB to DNA (Richards et al. 1996). Other CREB family members
are cAMP response element modulator (CREM) and activating transcription factor-1 (ATF-
1), which structure and biological functions are similar to CREB (Wu et al. 1998). Both
members, forms heterodimers with CREB and these interactions in the pathophysiology

of schizophrenia remain unknown.
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Figure 1.5. CREB and its downstream substrates. The CREB contains Q1, kinase-inducible
domain (KID), Q2, and bZIP domains. The crucial event in the activation of CREB is the
phosphorylation of Ser133 in KID. This domain could be phoshphorylated by multiple protein
kinases such as PKA, Akt, CaMKs, p90RSK, and MSK1. The CREB as a nuclear transcription factor
binds to CRE (cAMP response element), regulating transcription activity of its downstream
substrates, which regulate neuronal processes, including metabolism and survival and expression

of different transcription factors and growth factors. Adapted from Wang et al., Front Mol
Neurosci (2018).

1.3.2. Dopamine-mediated signalling affects the activity of CREB.

Dopamine binding to its receptors enhances the phosphorylation of CREB through
different pathways, been CREB critical in the signal transduction of the dopamine
receptors (Figure 1.6.): (1) binding of dopamine to D; receptor elevates intracellular
cAMP levels and activates PKA, followed by the phosphorylation of CREB (Boyd and
Mailman 2012; Chartoff et al. 2003); (2) binding of dopamine to D, receptor reduces
cAMP production and adenylate cyclase (AC) activity followed by reduced phosphorylation

of CREB (Boyd and Mailman 2012). However, repeated treatment with the selective D3
39



INTRODUCTION

DA
\

D2
cAMP ATP

|

®

Citoplasm

Nucleus

Low

transcription
CRE site

Figure 1.6. CREB upstream signaling cascades in neurons. CREB can be regulated by
different pathways: (1) AC activated upon stimulation of dopamine D1-class receptors (Gas) by
dopamine neurotransmitter increases cAMP levels, which, in turn, activate PKA. The catalytic
subunits of PKA translocate into the nucleus and phosphorylate CREB at Ser133. AC can be
inhibited upon stimulation of dopamine D2-class receptors (Gai) by dopamine (coloured in red).
(2) GBy subunit can activate MAPKs (MEK/ERK1/2) signaling (coloured in blue). (3) Binding of
growth factors to receptor tyrosine kinases (RTK) stimulate the activation of PI3K/Akt/GSK3b
(coloured in light green) and Ras/Raf/MEK/ERK/p90/RSK and ERK/MSK1 (coloured in dark green)
signaling pathways, which subsequently enhance the phosphorylation of CREB at different sites.
(4) Activation of excitatory NMDA receptors will increase the phosphorylation of CREB through
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receptor agonist (quinpirole) enhances PKA activity and
expression in the nucleus accumbens (NAc) (Culm et al. 2004); (3) activation of D;
receptor by its agonist quinpirole causes an elevation of intracellular Ca2* and activation
of PKC, phosphorylating CREB (Yan et al. 1999). DARPP-32 is possibly a molecule that
links D>-mediated signalling and CREB (Yan et al. 1999); (4) stimulation of D; and D>
receptors activate Akt kinase that directly phosphorylates CREB at Ser133 in striatal
neurons (Brami-Cherrier et al. 2002); and (5) CREB stimulates the expression of a

number of genes containing CREBs in their promoter region (Montminy 1997). It has been
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also reported that Di/D. receptors play a synergic role in inducing CREB-DNA binding

activities (Kashihara et al. 1999).

As mentioner early, different protein kinases can phosphorylate CREB at the KID domain
(Guo et al. 2017) (Figure 1.5.). This domain contains several multiple phosphorylation
sites for many canonical signalling pathways, such as Ras/MAPK/p90RSK, Ca2+/CaMK,
PI3K/Akt/GSK3B and cAMP/PKA pathways (Figures 1.5 and 1.6.). Specifically, in the
cAMP/PKA/CREB signalling pathway, the activated PKA enters into the nucleus and
promotes the binding of Ser133 phosphorylated CREB to a CRE region and then, the CBP
(CREB-binding protein) is recruited and bound to CREB, which co-activates CREB. It has
been described that mutation of Ser133 destroys the transcription activity of this protein
(Karin and Smeal 1992). CREB activation stimulates or inhibits the expression of its
downstream target genes, involved in metabolism (such as cytochrome c), transcription
(such as STAT3 or c-Fos), cells survival/cell cycle (such as bcl-2 or cyclin D1) and growth
factors (such as BDNF or FGF6) (Sakamoto and Frank 2009). Also, the CREB can be
phosphorylated at other residues, including Ser129, Ser142 and Ser143 (Figure 1.5.),

involving different kinases such as CaMKII (Figure 1.6.).

Serine/threonine protein phosphatase enzymes are essential to many neuronal functions.
Specifically, in mammals, include PP1, PP2A, PP2B and PP2C (Shi 2009) that act on
upstream CREB signalling (Wadzinski et al. 1993; Yang et al. 2015) (Figure 1.6.). It well
known that CREB phosphorylation intensity and durability are parallel with the
transcriptional regulation of target genes containing the CRE sequence (Hagiwara et al.
1992) and the balance between CREB-target kinases and phosphatases determines the

degree of CRE-dependent gene transcription (Hagiwara et al. 1992).

1.3.3. Biological functions of CREB in mood disorders and CNS.

CREB is expressed in different brain areas, including the NAc (Mantamadiotis et al. 2002).

Experimental changes in CREB activity in the dopaminergic neurons in this after a
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stimulus, have been related with changes in animal behavior. Elevations in CREB activity
in NAc reduces sensitivity to emotional and stress stimuli (Barrot et al. 2002) or
anhedonia-like and depression-like symptoms (Newton et al. 2002; Pliakas et al. 2001).
In animal models of schizophrenia, PKA activity and CREB phosphorylation in the NAc are
decreased, and treatment with antipsychotics increases CREB activity in the NAc, and this
neuro-adaptative response facilitates the recovery of sensorimotor gating (Culm et al.

2004).

As discussed above, according to the “neurodevelopmental hypothesis”, abnormalities of
early brain development increase the risk for the subsequent emergence of symptoms
such as psychosis (Schmidt and Mirnics 2015). In this sense, dysfunction of BDNF
signalling, an important neurotrophin that promotes development of certain populations
of neuronal cells (Nieto et al. 2013), leads to deficits in neuronal growth and synaptic
transmission, leading to disorganized brain function, which contributes to the
development of schizophrenia (Palomino et al. 2006). It is well documented that BDNF
promotes phosphorylation of CREB, which, in turn, promotes the transcription of BDNF
gene by increasing intracellular Ca2* that leads to the activation of CaMKIV. Also, neuronal
exposure to BDNF activates the Ras/Erk/Rsk pathway (Finkbeiner et al. 1997; Pizzorusso

et al. 2000) (Figure 1.6.).

CREB expression and transcriptional activity are regulated in both embryonic and mature
brain, and it is implicated in neuronal survival as well as in neurogenesis, processes
associated with the pathology of schizophrenia (Wang et al. 2018). A number of studies
indicate that the pathological consequences resulting from CREB alteration are mediated
through different mechanistic processes (Sakamoto et al. 2011). CREB ablation triggers
non-specific neuronal cell death by pro-apoptotic signals (Zeng et al. 2016), and
progressive degeneration in brain hippocampus and dorsolateral striatum (Dawson and

Ginty 2002). Otherwise, it is noteworthy that chronic CREB activation is related with loss
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of hippocampal neurons through excitotoxicity mechanism and sporadic epileptic seizures
(Lopez de Armentia et al. 2007). These results suggest that the timing of CREB regulation

may be a key for the associate changes in the cellular neuronal responses.

1.3.4. CREB in schizophrenia treatment

The role of CREB in treatment with APDs has been studied in animal models and it has
been observed that various antipsychotic drugs could have different roles on CREB
phosphorylation in neurons. In this regard, it was reported that haloperidol and
eticlopride, selective D, receptor antagonist, stimulated the phosphorylation of CREB in
the dorsal striatum in rats. In contrast, clozapine reduced CREB phosphorylation,
indicating that haloperidol and clozapine induce distinct patterns of CREB phosphorylation
in dorsal striatum (Pozzi et al. 2003). Furthermore, neurons in different maturation stages
may have distinct phenotypes regarding the phosphorylation of CREB in response to the
same antipsychotic drug. For example, low concentrations of haloperidol and risperidone
stimulate the phosphorylation of Erk and CREB in hippocampal neurons cultures after 25

days in vitro, but not at 10 days (Yang et al. 2004).

Hence, phosphorylation level of CREB in the brain sections has been highly related with
mood disorders and its regulation could be a suitable strategy that could be applied for
the treatment of this disorder (Wang et al. 2018). Even though, its effectiveness will
depend upon further research characterizing the role of CREB in the brain and the

pathological processes of schizophrenia.
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1.4. Biomarkers for schizophrenia diagnosis and antipsychotic

response: more than a tool for diagnosis?

1.4.1. Peripheral blood-based biomarkers by transcriptome sequencing
(mRNA-seq).

Identifying biomarkers that can be used as diagnostics or predictors of treatment
response (theranostics) in people with SCZ will be an important step towards being able
to provide personalized treatment and would support efforts to develop new drug
treatments. Current neurological findings of the study of the pathology have not yet been
translated into biomarkers that are practical in clinical use because brain biopsies are not
acceptable and neuroimaging techniques are expensive and the results are inconclusive
(Lai et al. 2016). Relative to organ tissue (e.g., brain), body fluids such as blood, urine,
and cerebral spinal fluid (CSF) represent more easily accessible sources for detection of
systemic biomarkers (Chan et al. 2011). The blood, for example, can be sampled using
standardized and routine clinical procedures without significant patient discomfort. The
main advantages associated with using blood as a source of biomarkers include the fact
that it is possible to design standardized sample collection procedures, it is available in
sufficient quantities, and it can be sampled on multiple occasions with relative ease
(Lakhan and Kramer 2009). Thus, in recent years, there has been search for blood-based
biomarkers for SCZ as a valid alternative because the dysregulation of gene expression,
epigenetic patterns, protein quantities, metabolic and inflammatory molecules in
peripheral blood have been shown to have distinct patterns in people with SCZ (Chan et

al. 2015; Sainz et al. 2013).

Modern sequencing allows the investigation of levels of thousands of mMRNAs
(transcriptome) at the same time. In psychiatry, such studies have involved the use of
whole blood, lymphocytes or PBMC samples (Lai et al. 2016; Sainz et al. 2013) to identify

potential biomarkers. This approach has typically led to a large set of mRNAs or proteins
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being proposed as possible biomarkers in SCZ, but most findings await replication. Briefly,
these studies identified a number of potential biomarkers in peripheral blood with a cluster
of reports suggesting that markers associated with immune function/inflammation might

be of interest (Lai et al. 2016).

1.4.2. Schizophrenia gene expression profile reverted to normal levels

by antipsychotics: Clinical Response Genes to Antipsychotics (CRGAs).

To identify candidate genes altered at the onset of the pathology and which were
controlled by AAPs, our group, in the last years, have been focused in the investigation
of the expression profiles from peripheral blood of SCZ patients. In this way, our group
sequenced total mRNA from blood’s PBMCs of a cohort of drug-naive schizophrenia
patients and the same patients after treatment with atypical antipsychotic, where all
patients showed improved clinical symptoms (Crespo-Facorro et al. 2015; Sainz et al.

2013).

1.4.2.1. Inflammatory and immune response genes have significantly altered
expression in schizophrenia.

Initially, our group analysed the blood transcriptome of 36 drug-naive schizophrenia
patients at FEP (First Episode of Psychosis) and 40 healthy matched controls (without a
history of neuropsychiatric disorders) by next-generation sequencing. Results shown 200
genes with significant differential expression (p-value adjusted <0.05) in the 22278
human genes analysed (Annexed table 1) (Sainz et al. 2013), where a total of 37 genes
out of them were identify in the GWAS catalogue

(https://www.genome.gov/gwastudies/). Among these 200 genes, ADAMTS2 has the

lowest Pag; value (1.3236E-69) and has been associated with ADHD (time to onset) in a
GWAS (Lasky-Su et al. 2008). Three differentially expressed genes (CSMD1, EHF and
RFX2) are associated to schizophrenia in GWAS. CSMD1 associated with schizophrenia

among other traits (Ripke et al. 2011), EHF associated with response to antipsychotic
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treatment and volumetric brain magnetic resonance imaging in schizophrenia patients
(McClay et al. 2011; Seshadri et al. 2007), and RFX2, which is not reported but has an
intronic SNP with a p-value = 3.5 x 10 ¢ in a schizophrenia and bipolar disorder GWAS

meta-analysis (Wang et al. 2010).

According to the scientific literature deposited in the GeneRIF repository (NCBI), 8 out of
the 200 differentially expressed genes have been related to schizophrenia: GRIK3, LPL,
S100B, SNCA, SYN2, TUBB2A, SELENBP1, CSMD1; increased levels of S100B have been
reported in schizophrenia, which is consistent with our observation of significantly higher
expression of the gene in schizophrenia patients. Also, lower copy number of SELENBP1
in schizophrenia patients has been reported, which is consistent with the significantly
lower expression levels we observe in our study (Begni et al. 2002; Liu et al. 2005;

Martins-de-Souza et al. 2010; Steiner et al. 2006; Xie et al. 2011).

Functional analyses indicated a significant enrichment in seven gene ontology biological
processes (Pag; values < 0.05) (Table 1.3.), related to protein processing and
inflammatory and immune response. There are 20 differential expression genes involved
in the immune, inflammatory response and the response to wounding, 15 of these genes

are upregulated and 5 downregulated in schizophrenics.

Table 1.3. Significantly enriched gene ontology. Adapted from Sainz J et al., 2013.

Biological process Differential Observed Expected
9 P expression genes % of all % of all

Protein processing (G0:0016485) 8 4.00 0.53

Protein maturation (GO:0051604) 8 4.00 0.57

Protein maturation by peptide bond

cleavage (G0O:0051605) 7 3.50 0.42

Acute inflammatory response

(G0:0002526) ° 4.50 0.81

Activation of plasma proteins involved in

acute inflammatory response 6 3.00 0.24

(G0:0002541)

Response to wounding (GO:0009611) 18 9.00 3.24

Innate immune response (G0O:0045087) 10 5.00 0.80
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1.4.2.2. Schizophrenia gene expression profile reverted to normal levels by
antipsychotics.

In a later work, to characterize candidate genes targeted by AAPs, our group investigated
the expression profiles altered by these drugs (Sainz et al. 2013). We sequenced total
mRNA of a cohort of 22 individuals before treatment and the same individuals 3 months
after treatment started. These patients were part of a larger cohort used before (Sainz et
al. 2013), showing improved symptoms after treatment. Results showed 17 genes with
significant differential expression (Table 1.4.) after adjusting for multiple testing (Pag;
Value <0.05) in the 21495 human genes analysed (Annexed table 2.). Interestingly, six
of the differentially expressed genes between untreated and treated patients (ADAMTS2,
CD177, CNTNAP3, ENTPD2, RFX2, and UNC45B) also have differential expression between
drug-naive patients and healthy controls. These 6 schizophrenia-related genes that we
found in our previous study case/control (Sainz et al. 2013) have their expression levels

significantly higher in patients than in controls and, after medication with atypical

Table 1.4. Differential expression in schizophrenia patients before and after treatment.
Adapted from Crespo-Facorro et al., 2015.

Gene D LIE Base Mean Log2 Fold
genelD Base Mean Not . Fold Change 9 Pval Padj
Symbol Medicated Medicated Change

9509 ADAMTS2 23.86339982 43.58273814 4.144061509 0.095084928 -3.39463952 1.93223E-45 3.77076E-41
57126 CD177  125.2142026 182.6429658 67.7854394 0.371136327 -1.42997888 4.15587E-15 4.05509E-11
146862 UNC45B  228.318709 355.5905317 101.0468862 0.284166414 -1.81519204 9.35727E-13 6.08691E-09
10321 CRISP3 115.7986838 67.59205817 164.0053094 2.426399104 1.27881687 4.87135E-09 2.37661E-05
85495 RPPH1  26.04702513 39.64589219 12.44815807 0.313983552 -1.67123911 3.214E-07  0.001254426

249 ALPL 4431.746109 5880.320968 2983.171249 0.507314357 -0.97904811 1.4913E-06 0.003449261
4317 MMP8 183.6663537 123.5348176 243.7978898 1.973515601 0.980767924 1.80178E-06 0.003449261
4973 OLR1 33.1319214 20.85963419 45.40420861 2.176654116 1.122112172 1.40581E-06 0.003449261

10562 OLFM4 137.50003 93.07893836 181.9211215 1.954482128 0.966786393 1.94424E-06 0.003449261
1088 CEACAMS8 187.2128837 127.3498437 247.0759236 1.940135271 0.956157244 1.59811E-06 0.003449261
154664 ABCA13 92.17901569 61.88536784 122.4726635 1.979024571 0.984789524 1.36575E-06 0.003449261
5990 RFX2 520.3558229 681.1696202 359.5420255 0.527830389 -0.92185368 7.00393E-06 0.010513971
4057 LTF 1632.349968 1170.323611 2094.376324 1.789570257 0.839613184 6.5125E-06 0.010513971
2852 GPER1 28.33693561 36.77092153 19.90294968 0.541268721 -0.88558307 1.00986E-05 0.014076694
79937 CNTNAP3 195.2279073 249.0334206 141.422394 0.5678852  -0.81632878 1.68285E-05 0.021893882
954 ENTPD2 29.04177998 36.51237117 21.57118878 0.590791233 -0.75927968 2.51645E-05 0.030692793
387755 INSC 31.73879717 41.6047807 21.87281365 0.525728373 -0.9276105 3.82829E-05 0.043946467
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antipsychotics, their expression reverted to control levels (Figure 1.7.). These results
support the theory that the expression of these six genes could be modulated by the
drugs and the possibility that they are implicated in the positive symptoms of the disease
(hallucinations, delusions, positive formal thought disorders, bizarre behavior) that are

improved by the antipsychotics.
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Figure 1.7. Schizophrenia differential expression genes reverted by antipsychotic
medications. Base mean: mean of normalized counts, averaged over all samples for each
condition; controls: normalized expression level of controls; untreated cases: normalized
expression level of untreated patients; treated cases: normalized expression level from the
patients, obtained after 3 months of treatment. Adapted from Crespo-Facorro B et al., Int J
Neuropsychopharmacol. (2015).

Results shown that these gene-set were enriched for the cellular components
(extracellular matrix -ECM- and proteinaceous extracellular matrix) which are involved in
many functions, such as segregating tissues from one another and regulating intercellular
communication. The four genes included in these categories are ENTPD2, MMPS8,
ADAMTS2, and CRISP3. Also, eight genes out of the 17 (LTF, OLFM4, ADAMTS2, RFX2,

ALPL, MMP8, ABCA13, and INSC) appear to associate, either as reported or as mapped
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gene, with 24 diseases/traits in the GWAS. The association with diseases includes SCZ
and bipolar disorder (RFX2) (Wang et al. 2010), time to onset of ADHD (ADAMTSZ2)
(Lasky-Su et al. 2008), response to amphetamine (ABCA13) (Hart et al. 2012), AIDS
progression (LTF) (Troyer et al. 2011), metabolic traits (ALPL) (Suhre et al. 2011), obesity
(OLFM4) (Bradfield et al. 2012), obesity related traits (INSC) (Comuzzie et al. 2012), and
visceral adipose tissue adjusted for body mass index (ADAMTS?2) (Fox et al. 2012), among

other disease-traits.

Furthermore, 15 out of the 17 differential expression genes are annotated for disease or
functionality in 719 publications deposited in the GeneRIF repository. Among these genes,
ABCA13 has been implicated in schizophrenia, bipolar disorder, and depression (Knight
et al. 2009). The 15 differential-expression genes annotated are significantly enriched for
two known adverse effects caused by the atypical antipsychotics: obesity and diabetes.
Five genes (GPER, LTF, MMP8, OLR1, and OLFM4) have been implicated with obesity (Belo
et al. 2009; Bradfield et al. 2012; Brinkley et al. 2008; Haas et al. 2009; Moreno-
Navarrete et al. 2013). Four of the genes (ALPL, LTF, MMP8, and OLR1) have been
implicated with diabetes (Kanazawa et al. 2009; Tan et al. 2008; van der Zijl et al. 2010;
Vengen et al. 2010). Moreover, it is known that all antipsychotics tend to block receptors
in the brain’s dopamine pathways, and that estrogen increases the concentration of
neurotransmitters such as dopamine at neuronal synapses and their receptors, affecting
their release, reuptake, and enzymatic inactivation (McEwen and Alves 1999). We found
a significant enrichment of genes (GPER, LTF, and OLFM4) related to estrogen (Dassen
et al. 2010; Revankar et al. 2005; Teng et al. 2002). Also, as we observed previously
(Sainz et al. 2013), results revealed an enrichment of inflammatory genes: ALPL, GPER,
LTF, MMP8, OLR1, and CRISP3 (Chakrabarti and Davidge 2012; Cheung et al. 2008;

Leppilahti et al. 2011; Plager et al. 2010; Takanabe-Mori et al. 2013; Weinberg 2001).
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These works, despite of their limitations (small sample size), shown significant results
which could help to predict the effects of the atypical antipsychotics used in clinics by
monitoring the expression levels of the reported genes. Results showed six genes
(ADAMTS2, CD177, CNTNAP3, ENTPD2, RFX2, and UNC45B) related with positive
symptoms improved by APDs and a list of 17 genes that could be responsible for some
adverse effects (such obesity and diabetes) related with APD treatment. Further

information is needed to understand the real possibilities of this information.

1.5. Extracellular matrix abnormalities in central nervous system

(CNS) and its potential role in psychotic disorders.

The extracellular matrix (ECM) occupies approximately a volume fraction of 10-20% of
the normal adult brain (Dityatev and Schachner 2003; Sykova and Nicholson 2008). The
ECM is produced intracellularly and secreted to form a dense network of proteins and
glycans, occupying the parenchyma of virtually all cells. Structurally, the ECM provides
neural cells with points of anchorage and facilitates the organization of these cells into
distinct CNS regions (Lau et al. 2013). Chemically, it is a source of diverse molecular
signals that guide cellular growth, activity and survival (Lau et al. 2013). During CNS
development, specific ECM components are regulated in a temporal and spatial manner
to facilitate neurogenesis, neural cell migration and differentiation, and axonal growth
and pathfinding (Bandtlow and Zimmermann 2000). By adulthood, the ECM has changed
in composition and acts to stabilize structures including synapses, to regulate synaptic
plasticity and to prevent abnormal synaptic remodelling (Dityatev and Schachner 2003).
The ECM also fills the synaptic cleft, although its biochemical composition within this
specialized space is different, and less well known, with respect to the rest of the brain

ECM (Zuber et al. 2005).
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The ECM in the adult CNS is localized to three principal compartments (Figure 1.8.): (1)
the basement membrane (basal lamina) that is a continuous ECM structure that lines the
parenchymal side of cerebral microvessels which main role is maintaining the integrity of
the blood-brain barrier (BBB) and, predominantly, it is made up of collagen, laminin-
nidogen complexes (entactin), fibronectin, dystroglycan and perlecan; (2) the
perineuronal nets (PNNs) that are dense ECM aggregates composed principally of
proteoglycans, tenascin R and link proteins that surrounds neuronal cell bodies and
proximal dendrites, which main role is preserving neuronal health and maintaining
synaptic plasticity; and (3) the neural interstitial matrix, composed of components
dispersed in the parenchyma that comprises a dense network of proteoglycans,
hyaluronan, tenascins and link proteins, as well as relatively small amounts of fibrous
proteins (collagens and elastin) and adhesive glycoproteins (laminins and fibronectin)
(Lau et al. 2013). Insults to the CNS during neuropathological conditions result in
alterations to the brain’s ECM and these changes could contribute to pathophysiology,

even in mental disorders.

Emerging evidence suggest a key role for the ECM abnormalities in schizophrenia
(Berretta 2012). Immunohistochemical studies indicated a marked decrease in the
numbers of CSPG-labeled PNNs in the amygdala, entorhinal cortex and PFC of patients
with SCZ compared with normal controls. Studies revealed that normal complements of
these neurons and related PNNs are preserved in SCZ patients but its binding to
proteoglycan is dysregulated (Pantazopoulos et al. 2010; Sethi and Zaia 2017). Reelin,
tenascin X, fibronectin, and integrins have been extensively investigated in SCZ. These
ECM glycoproteins perform diverse roles in the developing and adult brain, such as
neuronal migration, synapse development, synaptic plasticity, and learning and memory
(Sethi and Zaia 2017). Several studies revealed dysregulation expression of these

glycoproteins related with the pathophysiology of schizophrenia, and it is well known the
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Figure 1.8. The three major compartments of the ECM in the CNS. Extracellular matrix
(ECM) components are arranged into basement membranes that lie outside cerebral vessels,
condensed as perineuronal nets around the cell bodies and dendrites of neurons or diffusely
distributed as the neural interstitial matrix between cells of the CNS parenchyma. The pink glial
cells depict astrocytes, oligodendrocytes or microglia. Adapted from Lau LW et al., Nature
reviews (2013).

decreased expression of reelin in these patients (Dong et al. 2005; Impagnatiello et al.
1998; Sethi and Zaia 2017). Also, integrins, that assist in cell-cell and cell-ECM
interactions and play a significant role in the modulation of neural synaptic activity, have
been associated with the pathophysiology of SCZ (Walsh et al. 2002). Levels of proteolytic
enzymes, including matrix metalloproteases (MMPs), members of the a disintegrin and
metalloprotease (ADAM) family, and members of the ADAM with thrombospondin motifs
(ADAMTS) family, have been associated with SCZ (Sethi and Zaia 2017). Elevated levels
of MMP-9 have been reported in previous SCZ studies, including those of treatment-

resistant schizophrenic patients (Domenici et al. 2010; Yamamori et al. 2013).
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Additionally, altered mRNA expression MMPs (MMP-16, -24 and -25) and ADAMTS
(ADAMTS-1 and -6) proteases has also been reported previously in SCZ (Pietersen et al.

2014a; 2014b).

1.5.1. A Disintegrin and Metalloproteinase with Thrombospondin motifs
(ADAMTS) family.

The ADAMTS proteases belong to ‘a disintegrin and metalloproteinase with
thrombospondin motifs’ family, composed of 19 members. This family are multi-domain
proteins synthesized as pre-pro-enzymes (Figure 1.9.). Pre-pro-ADAMTS proteases can
be cleaved by furin or furin-like proteases at the N- and C-terminal positions triggering,
respectively, their activity and their future location within the ECM. When secreted,
ADAMTS proteases are capable of binding ECM components via their thrombospondin
motifs, which can be then cleaved by the metalloproteinase domain (Lemarchant et al.
2013). They are classified in three subfamilies based on their preference to cleave specific
ECM macromolecules: proteoglycans (ADAMTS-1, -4, -5, -8, -9, -15 and -20), pro-
collagens (ADAMTS-2, -3 and -14), and the von Willebrand factor (ADAMTS-13) (Kelwick
et al. 2015). ADAMTS proteases are expressed throughout the CNS, including the spinal
cord, brain stem, hippocampus, striatum and cortex (Gottschall and Howell 2015). In vivo
data supports that most ADAMTS are produced by astrocytes, especially after injury,

although ADAMTS are also produced by neurons and microglia (Lemarchant et al. 2013).
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Figure 1.9. The ADAMTS (A Disintegrin And Metalloproteinase with Thrombospondin
motifs) family. The basic domain organization of the 19 ADAMTS family members and their
major functional groups. Structurally the ADAMTS members are broadly organized into a
proteinase domain and an ancillary domain. The proteinase domain comprises the signal, pro,
metalloproteinase and disintegrin-like domains. The greatest variability between ADAMTS
members is found in the ancillary domain, which is composed of one or more thrombospondin
type 1 sequence repeats (TSRs), a cysteine-rich domain and a spacer domain. Some family
members also have one or more specialist domains as part of their ancillary domain. The diagram
is drawn to scale. CS, chondroitin sulphate; CUB, complement C1r/Cls, Uegf (epidermal growth
factor-related sea urchin protein) and BMP-1 (bone morphogenic protein-1); PLAC, protease and
lacunin; TSR, thrombospondin I-like repeat; vVWFCP, von Willebrand factor-cleaving protease.
Adapted from Jones GC and Riley GP, Arthritis Res Ther. (2005).
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1.5.2. ADAMTS family in the CNS and its possible role in psychotic

disorders.

The specific role ADAMTS proteases play in physiological and pathological nervous system
functions remains under investigation. Studies have predominantly focused on ADAMTS
family members that can cleave lecticans. There is a substantive data that demonstrates
that ADAMTS cleavage of brevican may facilitate the invasiveness of the glial tumors
(Nakada et al. 2005). Several studies indicate that the ADAMTS are involved in recovery
from spinal cord injury, where leads to a glial scar that is rich in growth inhibitory
molecules, which diminishes functional recovery (Demircan et al. 2013). In studies both
within and outside the CNS, ADAMTS proteases have been identified as having
inflammatory and anti-angiogenic actions (Lemarchant et al. 2013). In addition, because
several ADAMTS can cleave versican deposited in the vasculature, it is possible that these
proteins, may contribute to the opening of the blood brain barrier after spinal cord injury
or ischemic stroke (Lemarchant et al. 2013). Also, it was hypothesized that increased
proteolytic activity of ADAMTS13 regulates blood-brain barrier (BBB) permeability to

reduce secondary inflammation after spinal cord injury (SCI) (Gurses et al. 2016).

Indeed, increasing evidence suggests that ADAMTS may play a role in neuroplasticity.
Alterations in the expression of these proteases could be involved in the overexpression
of ECM proteins, such as versican which was associated with altered inhibitory
neurotransmission in hippocampus. The majority of data suggest that the ADAMTS are
involved in the activation of plasticity mechanism, possibly on neurites and synapses
(Gottschall and Howell 2015). In fact, these proteins have a great deal of speculative
potential toward their role in neural and synaptic plasticity, and potential for repair

mechanism that involves turnover of the ECM proteins (Gottschall et al. 2005).
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1.5.3. ‘A disintegrin and metalloproteinase with thrombospondin motif
2’ (ADAMTS2) gene

ADAMTSZ2 gene is located on chromosome 5g35.3 and encodes the enzyme ‘A disintegrin
and metalloproteinase with thrombospondin motif 2‘, also known as procollagen I N-
proteinase (PC I-NP)(Tang and Hong 1999). It is a metalloproteinase of the ADAMTS
family that contains, among other features, a Zn2p-binding catalytic site required for its
procollagen processing activity, and four thrombospondin type I repeats (TSPI) most
probably crucial for the recognition of the substrate and the 3D-structure of the protein
(Figure 1.9.) (Jones and Riley 2005; Kelwick et al. 2015). Alternative splicing results in
multiple transcript variants, at least one of which encodes an isoform that is proteolytically
processed. This enzyme is secreted to ECM and immobilized at the cells surface where is
responsible for processing a number of types of procollagen proteins type I and II
(precursor of collagen type I and II, does not act on type III collagen) (Lapiere et al.
1971). Its function consists to cleave a short chain of amino acids at the procollagen
extreme, been essential to collagen molecules to normal function and assembly into fibrils
outside cells (Bekhouche and Colige 2015). ADAMTS2 protein is synthesized as an inactive
proenzyme which is activated by cleavage between the prodomain and the
metalloproteinase domain (Colige et al. 2005) and its activity require a neutral to slightly
basic pH and the presence of zinc and calcium ions (Colige et al. 1995). This activity can
be also controlled by other mechanism such as clearing by internalization into cells or co-

localization with their substrates (Bekhouche and Colige 2015).

Mutations in this gene cause ‘Ehlers-Danlos syndrome type VIIC' (also known as
Dermatosparaxis; OMIM: 225410), an autosomal recessive disorder of connective-tissue
resulting from a defect in the processing of type I procollagen to collagen, with
accumulation in most tissues of molecules that retain the amino-terminal propeptide
(Colige et al. 2004). These precursor molecules self-assemble into abnormal ribbon-like

fibrils that fail to provide normal tensile strength to tissues (severe skin fragility) (Colige
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et al. 2004). Genome-wide association studies (GWAS) have been associated ADAMTS2
polymorphism in the predisposition to paediatric stroke (Arning et al. 2012), obesity (Fox

et al. 2012) and attention deficit hyperactivity disorder (ADHD) (Lasky-Su et al. 2008).

ADAMTSZ2 gene is expressed in a number of healthy tissues in human and mouse organism

(https://www.proteinatlas.org), mainly expressed by fibroblast and cells of mesenchymal
origin. Its expression alterations have been related with some pathogenic conditions.
ADAMTS2 gene deficiency in mice has been shown to be associated with male infertility
(Dubail and Apte 2015). However, the role of ADAMTS?2 in the heart has not yet been
defined, up-regulated expression of ADAMTS2 have been observed with acute myocardial
infarction in human hearts and hypertrophic murine hearts (Lee et al. 2012; Wang et al.
2017). Also, several studies related ADAMTS2 with cancer. ADAMTSZ2 has been shown to
have antiangiogenic and anti-proliferative properties in endothelial cell cultures and in a
choroidal neovascularization in vivo model (Dubail et al. 2010). Furthermore, it has been
reported that transforming growth factor-beta (TGFB) induces secretion of activated
ADAMTS2 (Wang et al. 2003). In contrast, some studies have been indicated that
ADAMTSZ2 up-regulation was relevant to poor prognosis in gastric cancer tumour (Jiang
et al. 2019). A puzzling observation about ADAMTS2 gene was the description of its
overexpression by macrophages and peripheral blood monocytes stimulated by
glucocorticoids (Hofer et al. 2008). As these cells have little chance to be implicated in

procollagen processing, it means that other functions or substrates should be involved.

In CNS, ADAMTS2 protein and mRNA expression can be detected in “healthy” human and

mouse brain samples (https://www.proteinatlas.org). There is scarce information

regarding specific ADAMTS2 expression and activity in the CNS, being the first time that
it was related with a mental disorder the recent work by our group (Crespo-Facorro et al.
2015; Sainz et al. 2013). In this way, this thesis aims to explore the potential role of this

gene and its regulation in the context of the schizophrenia disorder.
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis.

Schizophrenia is a neuropsychiatric disorder whose origin can be explained by genomic
and mechanistic alterations that regulate important neuronal networks and signalling
pathways at CNS and peripheral cells. These alterations can be associated with different
stages of the disease and the heterogeneity in clinical response to antipsychotic

treatment.

We hypothesized that a number of genes altered at onset and regulated after treatment
could be related with the response to antipsychotic drugs. Also, these gene expression
alterations might be mediated by molecular and cellular mechanisms at CNS which could

elucidate new treatment targets.

2.2. Objectives.

The aim of this thesis is to dissect essential mechanisms that participate in the biology of
the schizophrenia with potential for diagnosis and treatment. Also, to understand novel

physiological aspects of disease.
This thesis focuses on three specific objectives:
1. Study the CRGAs expression profile in multiple experimental settings/models:

1.1. To validate of differential CRGAs expression associated with different stages

of schizophrenia using an independent cohort of patients.

1.2. To study the transcriptional regulation of CRGAs in response to selective

receptor agonist/antagonist and antipsychotic drugs in neuronal-derived cells.

1.3. To analyse the CRGAs expression at different development stages in healthy
mice brains and in a schizophrenia-like behavioral mice model brain.
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2. To elucidate the intracellular signalling and mechanisms involved in ADAMTS2 gene

expression downstream the receptors targeted by antipsychotic drugs.

3. To investigate the role of CREB and D;-class signalling in the ADAMTSZ2 gene expression

regulation.
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3. MATERIAL AND METHODS

3.1. Human samples.

3.1.1. Ethical aspects in human samples.

Conforming to international standards for research ethics, the research in this thesis was
included in two research projects funded by ‘Ministerio de Economia e Innovacion’
(SAF2013-46292-R and SAF2016-76046-R) which were also evaluated and approved by
the Cantabria Ethics Institutional Review Board. Patients and their families provided a
written informed consent to be included in the study, which conformed to international

standards for research ethics and was approved by the local institutional review board.

The Mental Health Services of Cantabria provided the funding for implementing the
programme. No pharmaceutical company supplied any financial support for it. The

programme was designed and directed by Dr. Benedicto Crespo-Facorro.

3.1.2. Study settings (PAFIP program).
3.1.2.1. Reference population.

The area investigated was the autonomous community of Cantabria, located in the
Northern coast of Spain. Cantabria has a population of 580229 inhabitants (2018), of
whom 172044 live in the capital city of Santander. The unemployment rate is 12.2%
(11.3% for males and 13.3% for females in March 2019). Of the employed population,
60% work in services, 32% in industry, and 8% in the primary sector. Although the rate
of immigration is rising very rapidly in Spain, in this community, the proportion of
immigrants is still very low (1.28%). It is estimated that more than 95% of the population

of Cantabria is white European.

Cantabria has an autonomous public health system administered by the autonomous

government with a free and universal coverage for the whole population. The psychiatric
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department, located at the University Hospital ‘Marqués de Valdecilla’, provides the only
acute psychiatric inpatient and 24h emergency care units for the whole autonomous
community. In addition, there are five community mental health outpatient clinics in
Cantabria, which maintain a close relationship with the academic department of

psychiatry at the university hospital.

3.1.2.2. Clinical Program on Early Phases of non-affective Psychosis of Cantabria
(PAFIP).

The data and biological samples from patients for these studies were obtained from an
ongoing epidemiological and longitudinal intervention program of FEP (PAFIP, its Spanish
acronym for ‘Programa Asistencial de las Fases Iniciales de Psicosis’), carried out at the
University Hospital ‘Marqués de Valdecilla’, and biological samples were provided by the
IDIVAL biobank. An information campaign within all mental health outpatient units in
Cantabria and family physicians was thoroughly carried out during a period of 3 months
prior to starting the programme in order to increase referrals. Referrals to the PAFIP came
from the inpatient unit and the accident and emergency department at the University
Hospital ‘Marqués de Valdecilla’, from mental health units, and from other health-care
workers throughout the entire region of Cantabria. After the initial contact by a qualified
psychiatric nurse, an experienced psychiatrist carries out a formal interview for a full
assessment of the patient and to confirm the presence of a non-affective psychotic
disorder. As a clinical programme, the PAFIP includes inpatient and outpatient care, and
provides specific and personalized clinical attention, including psychotherapeutic and
psychopharmacological treatment of patients and also family interventions, from the
onset of the illness up to 3 years. To guarantee the inclusion of all first episodes, regular

meetings with the mental health and primary health-care centres are maintained.
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3.1.3. Patients.

All referrals to PAFIP were screened for patients who met the following criteria: 1) 15-60
years; 2) living in the catchment area (Cantabria); 3) experiencing their first episode of
psychosis; 4) no prior treatment with antipsychotic medication or, if previously treated,
a total lifetime of adequate antipsychotic treatment of less than 6 weeks; and 5) DSM-IV
criteria for schizophrenia, schizophreniform disorder, schizoaffective disorder, or brief

psychotic disorder.

Patients were excluded for any of the following reasons: 1) meeting DSM-IV criteria for
drug dependence; 2) meeting DSM-IV criteria for mental retardation; or 3) having a
history of neurological disease or head injury. The diagnoses were confirmed using the
Structured Clinical Interview for DSM-1V, carried out by an experienced psychiatrist 6

months after the baseline visit.

Our operational definition for a first episode of psychosis included individuals with a non-
affective psychosis (meeting the inclusion criteria defined above) who have not previously

received antipsychotic treatment regardless of the duration of psychosis.

All patients included in the present investigation underwent a head-to-head risperidone
and aripiprazole randomized (simple randomization procedure), flexible-dose, open-label
study (EudraCT number 2013-005399-16). At the present work, we collect three different
cohorts for different purposes: (1) a cohort #1 with an independent set of 30 drug-naive
first episode non-affective individuals and a set of 10 healthy individuals (without a history
of neuropsychiatric disorders) was used as a control group; (2) a cohort #2 with a set of
9 drug-naive first episode non-affective individuals and a set of 10 healthy individuals;
and (3) finally, a cohort #3 with two drug-naive first episode non-affective individuals

and two controls (still uncharacterized at the publication of this Thesis).
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3.1.4. Premorbid, sociodemographic variables and blood sample

collection.

Premorbid and sociodemographic information was collected from patients, relatives and
previous medical records (cohort #1: table 3.1.; cohort #2: table 3.2.). Age of onset
of psychosis was defined as the age when the first continuous (present most of the time)
psychotic symptom emerged. Duration of untreated illness was defined as the time from
the first unspecific symptoms related to psychosis (for such a symptom to be considered,
there could be no return to the previous, stable level of functioning) to initiation of
adequate antipsychotic drug treatment. Duration of untreated psychosis was defined as
the time from the first continuous (present most of the time) psychotic symptom to
initiation of adequate antipsychotic drug treatment. Information about alcohol, cannabis,
and tobacco consumption was converted into binary variables and coded for either the

presence or absence of use.

3.1.5. Study design.

This is a prospective, randomized, flexible-dose, open-label study. We used a simple
randomization procedure. At study intake, all patients were antipsychotic-naive and were
randomized to aripiprazole and risperidone. Dose ranges were 5-30 mg/day aripiprazole
and 2-6 mg/day risperidone. A rapid titration schedule (5 days) was used until the optimal
dose was reached, unless severe side effects occurred. At the treating physician’s
discretion, the dose and type of antipsychotic medication could be changed based on
clinical efficacy and the profile of side effects during the follow-up period. Antimuscarinic
medication, lormetazepam, and clonazepam were permitted for clinical reasons. No
antimuscarinic agents were administered prophylactically. Antidepressants and mood

stabilizers were permitted if clinically needed.

At the 3-month follow-up, patients were also on aripiprazole and risperidone. The mean

daily dose of antipsychotics during follow-up was 181.72 (93.97) mg/day of
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Table 3.1. Demographic and clinical characteristics of the cohort 1 of drug-naive
patients with a first episode of psychosis.

Patient Cohort Controls Total
Cohort #1 N= 30 N= 10 N= 40
Mean SD Mean SD Mean SD Statistic p
Age at admission, y 33.71 11.11 3295 6.31 33.52 10.05 t =0.27 0.790
Age at psychosis onset, y 33.34 11.23 33.34 11.23
N % N % N % Statistic p
Diagnosis
Schizophrenia 12 40 12 40
Brief psychotic disorder 4 13.3 4 13.3
Unspecified psychotic disorder 3 10 3 10
Schizophreniform disorder 11 36.7 11 36.7
Sex (male) 17 56.7 5 50 22 55.0 Fisher = 0.14 0.731
Race (white) 26 86.7 10 100 36 90 Fisher = 0.40 0.062
Tobacco use (yes) 21 75 4 40 25 65.8 Fisher = 3.66 0.070
Cannabis use (yes) 13 43.3 1 10 14 35 Fisher = 1.48 0.556
Cocaine use (yes) 4 13.3 0 4 10 Fisher = 5.53 0.037
Alcohol use (yes) 11 39.3 0 11 28.9 Fisher = 1.48 0.556

Table 3.2. Demographic and clinical characteristics of the cohort 2 of drug-naive
patients with a first episode of psychosis. ? Wilcoxon Singed-Rank test for independent data;
b Chi-Square test; © Fisher's Exact test.

Patient Cohort Controls Total
Cohort #2 N=12 N= 10 N= 22
Mean SD Mean SD Mean SD Statistic p
Age, y 31.38 9.08 3295 6.31 32.08 7.81 z=19.0° 0.937
Age at psychosis onset, y 30.82 8.92 30.82 8.92
N % N % N % Statistic p
Diagnosis
Schizophrenia 3 25 3 25
Brief psychotic disorder 1 8.3 1 8.3
Schizophreniform disorder 8 66.7 8 66.7
Sex (male) 7 58.3 5 50 12 54.5  Fisher= 0.34° 1.0
Race (white) 11 91.7 10 100 21 95.5 Fisher= 1.09" 1.0
Tobacco use (yes) 6 50 4 40 10 45.5 Fisher= 0.0° 1.0
Cannabis use (yes) 3 25 1 10 4 18.2 Fisher= 0.44° 1.0
Cocaine use (yes) 1 8.3 0 4.5 Fisher= 1.09° 1.0
Alcohol use (yes) 6 50 0 6 27.3 Fisher= 1.33¢ 0.567
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chlorpormazine-equivalent doses. The mean daily dose of antipsychotics at 3 months was

163.64 (86.47) mg/day of chlorpormazine-equivalent doses.

3.1.6. Clinical assessment.

The severity of the Clinical Global Impression (CGI; 3) scale, the Brief Psychiatric Rating
Scale (BPRS; expanded version of 24 items), the Scale for the Assessment of Positive
symptoms (SAPS), the Scale for the Assessment of Negative symptoms (SANS), the
Calgary Depression Scale for Schizophrenia (CDSS) and the Young Mania Rating Scale
(YMRS) were used to evaluate clinical symptomatology. The same trained psychiatrist (Dr
Crespo-Facorro) completed all clinical assessments. The severity of symptoms at baseline
and 3/12 months and the percentage of change are reported below in results section (a

reduction in total scores means clinical improvement).

The analysis of clinical efficacy reveals that there was a significant improvement of
general psychopathology (assessed by the BPRS total score change at 3/12 months) and
positive symptoms (hallucinations, delusions, positive formal thought disorders, bizarre
behaviour; assessed by SAPS total score changes at 3/12 months). The patients were
defined as responders to the optimum dose of antipsychotic at 3 months if there was a
>50% reduction of the BPRS total score compared to intake. The rate of responders at 3

months was 95.55%.

3.1.7. Laboratory Assessments.

Blood samples were assessed for biochemical and haematological parameters. In order
to minimize the effects of diet and technique, blood samples were obtained from fasting
subjects from 8:00 to 10:00 a.m. by the same medical staff, in the same setting. None
of the patients had a chronic inflammation or infection or were taking medication that

could directly influence the results of blood tests.
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3.1.8. PBMCs isolation from human peripheral blood.

PBMCs from peripheral blood of SCZ patients and healthy controls were used for
quantifying the expression of specific genes at the mRNA level (RT-gPCR) or chromatin

immunoprecipitation (ChIP) (see methodology below).

Peripheral blood from patients and healthy controls were previously isolated using the
Tempus™ Blood RNA Tube. For the PBMCs isolation, a Ficoll-based isolation was
performed using Ficoll-Paque Premium reagent (Sigma, MO, USA), following the
manufacturer’s instructions. Briefly, in a 15 ml tube with ficoll solution at room
temperature, blood was added carefully through walls of the tube preventing them from
mixing (2 ml of ficoll per 4 ml of blood). Then, tube was centrifuged at 1800 rpm (without
brake) at room temperature for 20 min. After centrifugation, four phases were observed:
plasma (yellow upper phase), PBMCs (interphase), ficoll (transparent phase) and
erythrocytes (downer phase). With a Pasteur pipette, PBMCs were collected in a new tube
and washed twice with 1X PBS, centrifuged 1500 rpm for 10 min at 4 °C and finally, cell
pellet was resuspended in 10 ml of 1X PBS. Finally, cells were proceeded directly in

function of the technique.

3.2. Mice samples for in vivo studies.

3.2.1. Ethical aspects in mice samples.

All experiments were performed in compliance with the Spanish/European Union and
United States laws on animal care in experimentation. Animals were fed with food and
water ad libitum, and maintained in laminar flow racks under pathogen-free conditions
for 12 h light and 12 h darkness. The specific regional institutional Animal Use and Care
committee approved all experimental procedures, in each approach showed in this thesis

(Virginia Commonwealth University and Miguel Hernandez University, respectively).
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3.2.2. Schizophrenia-like mice for gene expression studies in mice

prefrontal cortex (PFC).

In order to preclinically evaluate the CRGAs expression in brain, we proceeded to evaluate
the expression of the orthologous version of these genes in PFC of adult mice born to
mothers submitted to influenza viral infection during gestation. Human epidemiological
studies highlight a direct association between infections during early pregnancy and
schizophrenia: influenza virus (Brown et al. 2004), rubella virus (Brown et al. 2001),
genital and reproductive infections (Babulas et al. 2006), and bacterial infection

(Sorensen et al. 2009).

Pregnant CD1 mice were subjected to influenza viral infection in collaboration with Dr.
Javier Gonzalez-Maeso group (Virginia Commonwealth University, USA), according to the
protocol previously described (Moreno et al. 2011) and adult offspring were assessed for
behavioural and neurochemical traits corresponding to schizophrenia-like phenotype,
essentially increased head-twitch response elicited by treatment with the hallucinogenic
drug DOI and changes in the relative 5-HT.a and mGlu2 receptor expression levels
detected by ex vivo radioligand binding assay. Briefly, on day 9.5 of pregnancy (equates
to the end of the first trimester of human pregnancy), CD1 mice were infected intranasal
with 103 pfu of influenza A/WSN/33 (H1N1) virus and then, the presence of influenza
virus-specific antibodies in mice sera was detected by ELISA (described in (Tumpey et al.
2005)). Offspring were separated from their mothers after 3 weeks. Subsequent
experiments were performed in adult mice (10-12 weeks). To induce different behavioural
response in mice, doses of DOI (0.5 mg/kg) (Sigma, MO, USA), LY379268 (5 mg/kg)
(Sigma), and MK-801 (0.5 mg/mg) (Tocris, UK) were injected intraperitoneally in mice
and 15 min after were Head-twitch behavioural response tested. Videotapes were scored

for head twitches by an experienced observer.
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A group of eight animals that statistically presented these alterations were pair matched
with control mice. In both experimental groups, we tested animals originating from at
least two different litters. Tissue samples from mouse frontal cortex were obtained and
mRNA was extracted to conduct subsequent quantitative real-time PCR (RT-gqPCR)

experiments as is described below.

3.2.3. Mice for protein expression studies in brain.

In order to detect the expression and the localization of the orthologous version of
Adamts2 protein in mice brains by immunostaining, we used C57BL/6 wild-type mice in

collaboration with Dr. Salvador Martinez group (Miguel Hernandez University, Spain).

3.3. Human cell culture for in vitro studies.

3.3.1. Cell culture and maintenance.

Human neuroblastoma SK-N-SH (HTB-11) and HEK-293T (CRL-3216) cells were obtained
from the American Type Cell Collection (ATCC, Rockville, MD). Cells were cultured in
Modified Eagle’s medium (Corning, United States) supplemented with 10% dialyzed heat-
inactivated fetal bovine serum (HyClone, United States) or heat-inactivated fetal bovine
serum (Gibco, Germany), respectively. Also with glucose (4.5 g/L), L-glutamine (292
mg/L), streptomycin sulphate (10 mg/L) and potassium penicillin (10000 U/L) (Lonza,

United States).

SK-N-SH cells transfected with shRNA constructs were selected and maintained with 1
Hg/ml Puromycin (Sigma). GFP and shRNA expression in these cells were induced by

incubation with 1 pg/ml doxycycline (Sigma) in water for 72 h.

All cells were maintained exponentially growing in a humidified atmosphere at 37 °C and

5% COa.
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3.3.2. Drugs and pharmacological agents.

SKF 83822 hydrobromide, 7-Hydroxy-DPAT hydrobromide, (R)-(+)-8-Hydroxy-DPAT
hydrobromide and TCB-2 were used in different concentrations (1 and 10 pM) and
conditions as selective agonist of Di, Dz, 5-HTia and 5-HT,a receptors. SCH 39166
hydrobromide, L-741,626, MDL 100907 and WAY 100635 maleate were used at 1 UM as
selective antagonists of Di, D, 5-HT1a and 5-HT,a receptors, respectively. Haloperidol
hydrochloride (1 uM), Clozapine (1 uM), Paliperidone (1 uM), Risperidone (10 uM) and
Aripiprazole (1 pM) antipsychotics were used in different concentrations and conditions in

this study.

Selumetinib (AZD6244) was used at 1 and 10 puM in order to inhibit MEK/ERK signalling.
H 89 dihydrochloride and PKI 14-22 amide were used at 10 uM as selective inhibitors of

the PKA.

TPA was used at 10 ng/ml to induce MAPK/ERK signalling activation. Forskolin was used

at 1 and 10 yM to induce PKA activation.

Cholera toxin (CTX) was used at 100 ng/ml in order to activate Ggs subunit, pertussis
toxin (PTX) was used at 50 ng/ml to inhibit Go subunit and YM-254890 was used at 1 M

as specific inhibitor of Ggq subunit.

Stock preparation: all drug and reagents used were dissolved in DMSO (VWR, Germany)
to a final concentration of 10 mM, except TPA that was dissolved to a final concentration

of 10 pg/ml. Stock solutions for agonist and antagonist

Table 3.3. provides a list of the drugs used in this study and their related information.
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Table 3.3. Molecules and drugs used in this thesis work.

Reagent Reference Company PubChem ID Concentration Vehicle MW
ﬁszj'r(‘;))lfosnfi'g:mxy'DPAT 1080 TOCRIS 11957570 1M DMSO/Water 328,29
;;Z‘gg?;‘;‘i'gzm 0706 TOCRIS 11957566 1M DMSO 328,28
Aripiprazole 5584 TOCRIS 60795 1uM DMSO 448,39
Cholera toxin C8052 Sigma 100 ng/ml Water

Clozapine 0444 TOCRIS 2818 1uM DMSO/EtOH 326,83
Forskolin S2449 Selleckchem 10 uM DMSO 410.5
H 89 dihydrochloride 2910 TOCRIS 5702541 10 M DMSO 519.28
Haloperidol hydrochloride 0931 TOCRIS 11495267 1uM DMSO/EtOH 412,33
L-741,626 1003 TOCRIS 133633 1uM DMSO 340.85
MDL 100907 4173 TOCRIS 5311271 1uM DMSO 373.46
Paliperidone 4493 TOCRIS 115237 1uM DMSO 426,48
Pertussis toxin P2980 Sigma 50 ng/ml DMSO
;?riigiéfergide' 2546 TOCRIS 71312213 10 pM DMSO 1209.5
Risperidone 2865 TOCRIS 5073 1M DMSO/EtOH 414.98
SCH 39166 hydrobromide 2299 TOCRIS 16759171 1M DMSO 394.73
Selumetinib (AZD6244) S$1008 Selleckchem 1 uM DMSO 457.68
SKF 83822 hydrobromide 2075 TOCRIS 12909789 1, 10 pM DMSO/EtOH 424.76
TPA P1585 Sigma 24898219 10 ng/ml DMSO 616.83
WAY 100635 maleate 4380 TOCRIS 11957721 1M Water 538.64
YM-254890 AG-CN2-0509 Adipogen life 1uM DMSO 960.1

sciences

3.3.3. Transfections.

Lipofectamine LTX with PLUS reagents (Invitrogen, CA, USA) was used SK-N-SH cells
transfection. The day before transfection, cells were seed at 20-30% of confluence in 6-
wells culture plates. The day of transfection 0.5 pg of DNA was diluted in 300 ul of MEM
medium with 0.5 pl of PLUS reagent, mixed by vortexing and incubated for 5 min at RT.
Then, 1.5 pl of Lipofectamine reagent was added to the dilution, mixed by vortexing again
and incubated for at least 30 min at RT. Meanwhile media was removed to the cells.
Finally, dilution was added to the cells and incubated for 3 h. After that, new complete

medium was added to the cells.
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In case of select stably cell lines, 48 h post transfection, medium was removed, and new

medium was added with 1 pg/ml puromycin.

The expression vectors used for transfection are shown in Table 3.4.

Table 3.4. DNA constructions used in this thesis work.

Plasmid Construct Resistance Reference Origin
TRy T St inace Humen AT Vaswiiase  Dharmacor
e o Vs G atas el vsciiess  Dnarmacon
TS Spti OfF yecortumen 2omer - Kenamen’ 1313740 orgene

Retroviral GFP vector Human Non-

PGFP-V-RS effective 29-mer scrambled shRNA Kanamycin/- 1530013 Origene
shCREB1 Puromycin
cassette
Firefly sp. luciferase reporter gene -
pGL4.29 regulated with cAMP response element Amp|C|II|n./ E8471 Promega
[luc2P/CRE/Hygro] (CRE) site Hygromycin
B Renilla sp. Luciferase reporter gene Ampicillin/
PRL-Null regulated by the T7 promoter Hygromycin E2231 Promega

3.3.4. Lentivirus production and infection.

a. Lentivirus production:

Lentivirus particles were produced to transduce SK-N-SH cells with inducible short hairpin
(sh) sequences constructs, used to produce siRNA against human CREB1 mRNA.
SMARTvector carrying tGFP and human inducible CREB1 shRNA mCMV constructs or non-
target control (NTC) shRNA were used in this study (Dharmacon, CO, USA). See table

3.4. for more information about DNA constructs.

Lentiviral particles were produced by cotransfection of 293T cells using Trans-Lentiviral

shRNA Packaging System (Dharmacon), according to the manufacture’s protocol. The day
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before transfection, 293T cells were seeded at 70% of confluence in 10 cm? culture plates.
The day of transfection, 42 ug of each DNA construct and 30 pl de Trans-lentiviral pack
mix were diluted in 1 ml of water. After, the following reagents were added sequentially:
105 pl CaClz, 1050 pl HBSS 2X solution, in a drop wise manner After an incubation for 3
min at RT, the dilution was incorporated to the plate with cells. Cells were incubated
maximum 16 h with this mixture. Then, medium was removed and replaced with new

MEM medium with 5% FBS and 1% P/S.

After two days after transfection, medium containing lentivirus was collected, centrifuged
for 10 min at 1600 g (4 °C) and filtered through 0.45 pm pore size sterile syringe filters

(Merck Millipore, Ireland). Finally, lentivirus solution was conserved at -80 °C.

b. Cell transduction:

For cell transduction, cells were seeded at 20% of confluence in 6-well culture plates.
Next day, culture medium was removed and added new mix with 8 pg/ml polybrene, 1
ml of medium containing lentiviral particles and 1 ml of complete MEM medium. 48 h post
transduction, medium was removed, and new medium was added with 1 pg/ml puromycin
to select stably cell lines. After 7 days post-selection, cells were harvested and checked
for short hairpin sequence construct acquisition and functionality by RT-qPCR and western

blot.

3.3.5. Cell viability assays

To study the effect of the APDs over the SK-N-SH cells viability, we took advantage of
the CellTiter-Glo Luminescent Cell Viability Assay kit (Promega, WI, USA), following the
manufacturer’s instructions. This method enables the identification of viable cells in
culture based on quantitation of the free-ATP present as indicator of metabolically active
cells. Cells were seeded in T96 well plates in growing conditions (2000 cells/well), and

then incubated with different concentration of the APD for 48 h. Colorimetric changes
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were quantified using the Spark Multimode Microplate Reader (Tecan Trading AG,

Switzerland).

3.4. DNA and RNA analysis.

3.4.1. Bacterial transformation and plasmid DNA purification.

Plasmid DNA was transformed using heat-shock method into E. coli DH5a competent cells

(Invitrogen) for DNA amplification.

Thus, 50 pl E. coli DH5a cells were mixed with 1 ug of plasmid DNA. The mixture was
incubated in ice for 5 min. After that, a heat shock of 40 sec at 42 °C was performed
followed by other 2 min incubation in ice. Transformed E. coli DH5a cells were then
supplemented with 1 ml SOC medium (Invitrogen) containing no antibiotics and incubated
in a shaking incubator at 37 °C 200 rpm for 1 h, allowing the antibiotic resistant gene to
be expressed. Then, E. coli cells were spread on LB-agar growth media plates containing
the corresponding antibiotic selection (100 pg/ml ampicillin or 50 pg/ml kanamycin

depending on the case) and incubated overnight at 37 °C.

The following day, three selected single colonies were both seeded again on LB-agar
growth media “master” plates containing the corresponding antibiotic and incubated
overnight at 37 °C. Then, some cells from these separated single colonies were inoculated
in 5 ml LB growth media bottles containing the corresponding antibiotic selection in an
orbital shaking incubator at 37 °C 150 rpm to let them grow separately overnight. Next
day, the bacterial culture was harvested by centrifugation at 3000 rpm for 15 min (4 °C)
and plasmid DNA was purified with the QIAamp DNA Mini kit (Qiagen, Germany) following

manufacturer’s instructions.
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For preparation of glycerol stocks of the verified DNA plasmid-transformed bacteria,
positive single colonies that were seeded on LB-agar “master” plates were inoculated and
let them grow overnight in 5 ml LB growth media containing the corresponding antibiotic
selection in an orbital shaking incubator at 37 °C 150 rpm. Next day, LB media grown
cells were centrifuged at 3000 rpm for 10 min, the supernatant was discarded. Bacteria
pellet was resuspended 1ml of LB-glycerol 1:1 (v/v), added to a cryotube and conserved

at -80 °C.

To prepare higher amounts of plasmids DNA for transfections, a little amount of the
glycerol stock of the desire plasmid was inoculated into 5 ml LB growth medium containing
the appropriate antibiotic and incubated for 8 h in an orbital shaking incubator at 37 °C
and 150 rpm. Then, the starter culture was used to inoculate 200 ml LB growth media
containing the same selection antibiotic and grown overnight in the same culture
conditions (37 °C and 150 rpm). The following day, bacterial culture was centrifuged at
6000 g for 15 min and plasmid DNA was purified using the EndoFree Plasmid Maxi kit
(Qiagen) following manufacturer’'s instructions. Plasmid DNA concentration was
determined by measuring Azsonm USiNg a microvolume espectrophotometer (NanoDrop

2000, Thermo Scientific, IL, USA).

3.4.2. RNA extraction and purification.

Extraction of human samples:

Total RNA from patients was extracted using the Tempus™ Spin RNA Isolation Kit (Applied
Biosystems, UK) from PBMCs previously isolated from blood (see above), following the
manufacturer’s protocols. To define expression profiles, a key factor is that the RNA is
intact. To select only RNA with good quality, the RNA Integrity Number (RIN) was
characterized with a Bioanalyzer (Agilent Technologies, CA, USA) and samples with a RIN

of at least 7.2 were selected. The selected samples have RINs that range from 7.2 to 9.8
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with an average of 8.5. Overall, the rate of samples from patients with a RIN equal to or

higher than 7.2 was slightly higher than 89%.

Extraction of tissue and cell line samples:

Total RNA extraction from human cell line and PFC-mice brains were performed using
TRIzol reagent (Invitrogen). Adherent cells were lysed in the plate: growing media was
removed by aspiration and 0.5 ml TRIzol was directly added to the plate (It is
recommended 1 ml of TRIzol for a total amount of 5-10° cells). After 5 min of incubation
at room temperature, cells were scratched from the plate and the homogenized sample
was collected in a 1.5 ml tube. Otherwise, PFC-mice brains were lysed in 1 ml TRIzol and
homogenize using a homogenizer (VWR) (It is recommended 1 mL of TRIzol reagent per

50-100 mg of tissue). Lysate can be stored at 20 °C at this point.

Next, 0.2 ml chloroform per 1 mL TRIzol was added and vigorously mixed for 15 s. TRIzol-
chloroform mixture was incubated 2-3 min at room temperature and then centrifuged
12000 g for 15 min at 4 °C. The upper aqueous phase was collected and transferred to a
new 1.5 mL tube. Then, 0.3 mL of 100% 2-propanol was added, mixed by inversion and
incubated for 10 min at room temperature in order to precipitate the RNA. After this, it
was centrifuged 12000 g for 10 min at 4 °C. Supernatant was discarded and the RNA
pellet was washed once with 0.5 mL of 75% ice-cold ethanol by vortexing and then
centrifuged at 7500 g 5 min at 4 °C. The ethanol was discarded, and the RNA pellet was
resuspended in a final volume from 20-50 pl of RNAse-free water (depending on the RNA
pellet observed). Finally, RNA resuspended was incubated in a heat block set at 55 °C for

10 min to homogenise and then stored at -80 °C.

RNA concentration was determined by measuring Azeonm USing a microvolume
spectrophotometer (Nanodrop 2000, Thermo Scientific). RNA integrity was checked by

subjecting samples to electrophoresis separation in a conventional agarose gel. Low-
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Agarose (Conda, Spain) was melting in 1X TAE buffer! at 1% (w/v) and, prior to gel
casting, “Real Safe Dye” (Real laboratory, Spain) was added (dilution 1:20000). RNA
samples were prepared as following: 0.2-1 ug of RNA was diluted in 5 pl RNAse-free water
and 5 pl of RNA loading buffer (Thermo Scientific), heated for 10 min at 65 °C, loaded
into a gel and run for 20 min at 100 V in 1X TAE buffer. Finally, resulting separation was
visualized in an UV-transilluminator and recorded using a Gel-Doc EZImager (Bio-Rad,
CA, USA). Two bands corresponding to the 28S and 18S rRNA subunits should be

observed.

3.4.3. Reverse transcription and quantitative polymerase chain reaction
(RT-qPCR).

In order to analyse the expression of specific genes at the mRNA level, quantitative

reverse transcription PCR (RT-gPCR) was performed.

First, reverse transcription (RT) was performed using total extracted RNA from
mammalian cells (human SCZ patients, SK-N-SH cells and PFC-mice brains).
Complementary DNA (cDNA) was obtained from 1 pg of total RNA as template using the
SuperScript IV reverse transcriptase and random primers approach (Invitrogen),
following the manufacturer’s instruction in a total volume of 20 ul. Reaction was divided
in a preincubation at 65 °C for 5 min, and an incubation with RTase as follows: 10 min,

23 °C//10 min, 55 °C//10 min, 80 °C. The obtained cDNA was stored at -20 °C until used.

To quantify the levels of a specific mMRNA in an experimental condition, cDNA was
amplified by SYBR Green dye-based quantitative PCR using specific primers for the gene
of interest. Primers were designed using the online PrimerBlast (NCBI;

https://www.ncbi.nlm.nih.gov/tools/primer-blast/) software tool, according to PCR

standard guidelines: length 18 to 25 bp, GC content 40 to 65%, no G at the 5’ end, no

1 TAE buffer: 400 mM Tris, 200 mM acetic acid, 10 mM EDTA ph 8; stock concentration 10X and pH 8.3; stored at
room temperature.
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secondary structures, Tm= 50-65 °C. To check correct design and theorical conditions of
PCR, an in-silico assay was performed using the online UCSC In-Silico PCR tool (UCSC,

https://genome.ucsc.edu/cgi-bin/hgPcr). PCR conditions and primers efficiency were

experimentally determined depending on the nature and complexity of each sequence
(all primers used in this thesis had an efficiency between 80-120%, following the
recommendations described in (Pfaffl 2004)). Primer sequences and amplicon sizes used

in RT-qPCR assays are shown in table 3.5.

The Power SYBR™ Green PCR Master Mix (Applied Biosystems) supplied in a 2X
concentration premix (containing SYBR GreenER dye, AmpliTag DNA polymerase, UP
(Ultra-Pure) with a proprietary hot start mechanism, heat-labile Uracil-DNA glycosylase
(UDG), ROX dye passive reference, dNTP blend containing dUTP/dTTP and optimized
buffer components) was used to amplify the cDNA in a 7300 Fast Real-Time PCR System
(Applied Biosystems). The gPCR reaction was prepared as follows: 5 ul of Power SYBR™
Green PCR Master Mix were mixed with 0.3 uM of each primer (forward and reverse; stock
concentration 10 pyM), 1 yl of cDNA and DEPC-water until 10 pl of final volume. Then,
reaction mix was added to a 384-well PCR plate in triplicates. Reaction mix without cDNA
was used as no template control (NTC) to detect possible amplification signals from
contaminant DNA or primer dimers. The protocol used for amplification and real time

melting curve was the following:

Time Temperature Cycle
10 min 95 °C Hold
15s 95 oC
x40 cycles
10 min 60 °C
15s 95 °oC Melt curve
15s 60 °C

(+0.5 °C x80 cycles)
15s 95 °oC
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Table 3.5. Primer sequences used for RT-qPCR in this thesis work.

Gene Gene - Amplicon . Origin/
target i Ref Seq Primer sequences size (bp) Efficience Publication
Fw AGTGTGACGTGGACATCCGCAAAG
ACTB 60 NM_001101.4 163 n/p  Donated by N.
Rv ATCCACATCTGCTGGAAGGTGGAC arela group
Fw CCTGACATCCTCAAACGGGA 1.98  TIhis thesis/
ADAMTS2 9509 NM_014244.4 114 09,570, RuUso-lulve et
RV GTGTGGGTTGTCACACTGGC (99:27%) 4. 2019
Fw CATGTGTGGAAGGTGTCCGA 52>  This thesis/
cD177 57126  NM_020406.3 94 "<\ Ruso-Julve et
RV TGAGCATCAACGTGTCCTGG (111.29%) 1™ 5019
Fw CACACTTCCTGGGGAGGTTC 2,35  This thesis/
CNTNAP3 79937  NM_033655.3 185 117 3805y Ruso-lulve et
RV CCTGCGTCTGTCATCACAAT (117.28%) | "3019
Fw CGAGAACCAGCAGAGTGGA 2.08  [This thesis/
CREB1 1385 NM_001320793.1 137 1040 Ruso-Julve et
RV CGGTGGGAGCAGATGATGTT (104%) | 2019
Fw GACCTTGTCTGTACTCATCTCCT 539  This thesis/
DRD1 1812 NM_000794.4 118 119 8106y Ruso-lulve et —
RV GTCACAGTTGTCTATGGTCTCAG (119.81%) 1 "5019 0
Fw CCCCGCCAAACCAGAGAAG 519  This thesis/ 3
DRD2 1813 NM_000795.3 89 109 3295y Ruso-lulve et ®
Rv TTTTGCCATTGGGCATGGTCT (109.32%) 1 "5019 w
Fw GCCAGCACTACCGAGTCTAC 1.86  This thesis/ T
ENTPD2 954 NM_001246.3 137 P . Ruso-Julve et €
RV CAGCACTTGGGTGGAAAAGC (92.81%) | “5019 £
Fw GCAGAGCATTGGCAGGAG 21 This thesis/ E
FOS 2353 NM_005252.3 74 o Ruso-Julve et
RV CCCTTCGGATTCTCCTTTTCT (105%) 4 "Z019
Fw GAGTCAACGGATTTGGTCGT
GAPDH 2597 NM_001289746.1 238 N/D F':,’O”ated by A.
Rv  TTGATTTTGGAGGGATCTCG azos group
Fw TGTATCAGGTGCTCAACAAGTG 231  [This thesis/
HTR1A 3350 NM_000524.3 214 115 9205y Ruso-lulve et
RV AGGAAGCCAATAAGCCAAGTG (115.92%) 1 "5019
Fw CTTTGTGCAGTCTGGATTTACCT 500  This thesis/
HTR2A 3356 NM_000621.4 173 100% Ruso-Julve et
Rv ACTGATATGGTCCAAACAGCAAT (100%) 1" 5019
Fw TTCGGCTCCTTCCACCTCAT 535 This thesis/
RFX2 5990 NM_000635.3 156 22,y Ruso-Julve et
Rv ATCTTTGTCGAGCAGCGTCA (117.57%) a1, 2019
Fw GGACTCTGTAAGCTCGGCTC 2.49  This thesis/
UNC458B 146862 NM_001033576.1 99 2. Ruso-Julve et
RV CCACTTGCGACACTGTTTGG (124.46%) " 5019
Fw GGCTGTATTCCCCTCCATCG This thesis/
Actb 11461 NM_007393.5 154 N/D Lopez-Gimenez
Rv CCAGTTGGTAACAATGCCATGT et al., 2017
Fw ACGCCTTTTCTACAACCTCAC This thesis/
Adamts2 216725  NM_175643.3 216 N/D Lopez-Gimenez
Rv GCCAGCCCATCACAGTTACT et al., 2017
Fw GGGTGTTATGAAACAGTGATGCT This thesis/ 3
Cd177 68891  NM_026862.3 102 N/D Lopez-Gimenez 5
RV GGTGAGCCGAGCCTTTTTGT et al. 2017 8
A S
Fw CTTTGCCTCAGTTATCCTTCAGC This thesis/ g
Cntnap3 238680 NM_001081129.1 161 N/D Lopez-Gimenez
Rv GACCTCCATTCGTTCTCCAAG et al., 2017 s
Fw ATGGCTGGAAAGTTGGTGTCA This thesis/ 2
Entpd2 12496 NM_009849.2 92 N/D Lopez-Gimenez g
Rv TCTTGGGTAGGGACGCACA et al., 2017 2
Fw TCCAGTTTCAGTACATTGAGAAGC This thesis/
Rfx2 19725 NM_027787.1 150 N/D Lopez-Gimenez
Rv CACACTTACACAGAGAGATGAGC et al., 2017
Fw AGCTACACTCTACCGGAATCG This thesis/
Unc45b 217012  NM_178680.4 160 N/D Lopez-Gimenez
Rv CTGGTCCAACTTGCCAAGATG et al., 2017
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Quantitative PCRs were analysed using the SDS 2.2.2 software (Applied Biosystems).
Threshold cycles (Ct) were determined by default at the beginning of DNA amplification
in the exponential phase. The mRNA expression of genes of interest was normalized to
mMRNA expression of housekeeping genes (GAPDH and/or B-actin) using the comparative

2-85Ct method (described in (Livak and Schmittgen 2001)):

AACE = (Ctta'rgetgene - CtHouseKeeping) - (Ctta'rgetgene - CtHouseKeeping)

condition control

Relativeexpressionlevel(FoldChange) = 272A¢t

3.4.4. In silico study of the ADAMTS2 gene promoter

To reveal the predicted localization of specific transcription factors binding sites (TFBS)
and analysis of the human ADAMTS2 gene promoter, we take advantage of the

MatInspector software (Genomatrix, Germany; https://www.genomatix.de

/matinspector.html). This tool utilizes a large library of matrix descriptions for TFBS to

locate matches in DNA sequences, assigning a quality rating to matches. All algorithms

and implementation are described in (Quandt et al. 1995) and (Cartharius et al. 2005).

3.4.5. Chromatin immunoprecipitation (ChIP) of peripheral blood

mononuclear cells (PBMCs).

Chromatin immunoprecipitation technique was used to determine whether a protein is
bound to a concrete region in DNA, in this case, at the regulatory region of the ADAMTS2

gene promoter.

Generally, 2-4-10% PBMCs were used for each chromatin immunoprecipitation, using the
Pierce Magnetic ChIP kit (Thermo Scientific), following the manufacturer’s instructions.
First, cells previously isolated from blood in PBS were fixed to cross-linked proteins and
DNA adding a final concentration of 1 % formaldehyde (v/v) (stock concentration= 16

% ; Thermo Scientific) for 10 min with gentle agitation (wheel). Next, a final concentration
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of 125 mM glycine was added to stop cross-linking reactions. Cells were washed twice
with ice-cold PBS with Halt protease/phosphatase inhibitor cocktail and centrifuged 3 min
at 1500 rpm. Then, cell pellet was resuspended in 200 ul of membrane extraction buffer
containing protease/phosphatase inhibitors, vortexed 15 s and incubated on ice for 10
min. After that, lysate was centrifuged at 9000 g for 3 min and supernatant was removed.
Nuclei was resuspended in 200 pl of MNase digestion buffer containing a final
concentration of 1 mM DTT and 2 pl MNase (ChIP grade) (1 U/ul), vortexing and incubate
in @ 37 °C water bath for 15 min, mixing by inversion every 5 min. Then, 20 pl MNase
stop solution to stop the reaction was added, vortexing, incubate on ice for 5 min and
centrifuged 9000 g for 5 min to recover the nuclei. After remove supernatant, nuclei was
resuspended in 100 ul of 1X IP dilution buffer containing protease/phosphatase inhibitors
and, then, sonicated to shear chromatin in sizes of 200 to 600 bp using the Bioruptor Plus
sonication device (Diagenode, NJ, USA). The sonicator device was set at high power
setting for 10-15 cycles of 30 s ON and 30 s OFF at 4 °C. After sonication, nuclei lysate
was centrifuged at 9000 g for 5 min and supernatants containing the digested chromatin
were recollected, taken 10 pl of this supernatant and stored at -20 °C to use as input

sample from one ChIP.

For immunoprecipitation, remaining supernatant was mixed with 410 ul of 1X IP dilution
buffer and incubated with the specific primary antibody (see table 3.6.), anti-RNA Pol II
antibody as positive control or normal rabbit IgG as negative control overnight at 4 °C
with mixing. Then, 20 ul of magnetic beads were added to each IP and incubated for 2
hours at 4 °C with mixing. After incubation, beads were collected with a magnetic stand
and supernatant was removed carefully. Next, beads were washed three times with IP
wash buffer 1 and twice with IP wash buffer 2. Then, beads were incubated with 150 pl
of 1X IP elution buffer at 65 °C for 30 min with shaking. Next, for IP elution, 150 pl of
1X IP Elution buffer was added to the washed beads and were incubated at 65 °C for 30

min, resuspending the beads by vortexing the tube every 10 minutes. After incubation,
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Table 3.6. Primary and secondary antibodies used in this thesis.

Antibody Immunogen Host/Type Reference Origin Use and dilution
ADAMTS2 (F-4) C-terminal (human) Mouse sc-393562 . Santa Cruz IHC (1:50)
(monoclonal) Biotechnologies

CREB (82B514) Synthetic peptide Mouse 40961 Active motif  ELISA (1:1000)
(human) (monoclonal)
Recombinant peptide Mouse . . )

CREB (86B10) (human) (monodional) 9104 Cell signaling WB (1:500)
Recombinant human Mouse . ChIP (2.5

CREB (LB9) CREB-A protein (monoclonal) MA1-083 Invitrogen Hg/1x1076 cells)

Mouse dye 680 Goat 35519 Invitrogen WB (1:5000)

Mouse dye 800 Goat SA535521 Invitrogen WB (1:5000)

38 MAPK (D13E1) C-terminal (human) Rabbit 8690 Cell signalin WB (1:500)

P (monoclonal) 9 9 :

p44/42 MAPK (Erk1/2) g . Rabbit } . .

(137F5) C-terminus (rat) (monodlonal) 4695 Cell signaling WB (1:1000)

Phospho-CREB (Ser133)  oYnthetic Serl33 Rabbit 43096 Active motif  ELISA (1:500)
peptide (human) (monoclonal)

Phospho-CREB (Ser133) Synthetic Ser133 Rabbit . . )

(87G3) peptide (human) (monoclonal) 9198 Cell signaling WB (1:500)
Synthetic .

Phospho-p38 MAPK . Rabbit . . )

(Thr180/Tyr182) Thr180/Tyr182 peptide (monoclonal) 9211 Cell signaling WB (1:500)
(human)

Phospho-p44/42 MAPK Synthetic Rabbit

(Erk1/2) (Thr202/Tyr204) Thr202/Tyr204 peptide (monodional) 4370 Cell signaling WB (1:500)

(D13.14.4E) (human)

Phospho-PKA Substrate Synthetic peptides Rabbit . . )

(RRXS*/T*) (1L00G7E) (human) (monoclonal) 9624 Cell signaling WB (1:500)

Rabbit dye 680 Goat 35569 Invitrogen WB (1:5000)

B-Tubulin Anticuerpo (37)  Recombinant peptide Mouse sc-101527 santa Cruz WB (1:10000)

(human)

Biotechnologies

the beads were collected with a magnetic stand and the eluted protein-chromatin complex

supernatant was removed and dispensed into a new tube with 6 pl of 5M NaCl and 2 pl

of 2 mg/ml Proteinase K. Also, the 10 % total input sample was thawed and diluted in

150 pl of 1X IP Elution buffer with 6 pl of 5M NaCl and 2 pl of 2 mg/ml Proteinase K. Then,

all IP and total-input samples were vortexed and incubated at 65 °C for 1.5 hours in a

heat block.

For DNA recovery, each eluted IP and total input sample were diluted in 750 pl of DNA

Binding buffer and centrifuged at 10000 g for 1 min in a DNA Clean-Up column into a 2
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ml collection tube. Flow-through was discarded. Each column was washed with 750 pl of
DNA Column Wash buffer and centrifuged 10000 g for 1 min. Flow-through was discarded.
Then, DNA was eluted adding 50 ul of DNA Column Elution buffer directly into the centre
of each column. Finally, columns were centrifuged at 10000 g for 1 min. The resulting

solution was the purified DNA.

Finally, to quantify the binding and transcription activity of the protein targeted, we
performed quantitative PCRs (as described above). Specific primers for human ADAMTS2
promoter regions (based on the TFBS predicted above) were designed using Primer-Blast
(NCBI) (table 3.7.). The gPCR reaction was prepared as follows: 5 pl of Power SYBR™
Green PCR Master Mix were mixed with 0.3 uM of each primer (forward and reverse; stock
concentration 10 pM), 1.5 pl of purified DNA and DEPC-water until 10 pl of final volume.
Then, reaction mix was added to a 384-well PCR plate in duplicates. Reaction mix without
DNA was used as no template control (NTC) to detect possible amplification signals from
contaminant DNA or primer dimers. Samples included in this PCR were: total input
samples, CREB-IP samples, Pol-1I-IP samples (as positive control) and IgG samples (as

negative control). The protocol used for amplification was the following:

Time Temperature Cycle
10 min 95 oC Hold
15s 95 oC
x40 cycles
15s 58 oC

The data from each immunoprecipitate (IgG, Pol II and CREB) was normalized to the
corresponding inputs of chromatin before IP, normalized to IgG/input data, and expressed
as relative to the control. Four experiments (two cases and one control) were combined

to determine CREB binding to gene promoter.
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Table 3.7. Primer sequences used for (ChIP)-coupled quantitative PCR analysis in this
thesis work.

Amplicon size

Primer pair Primer sequences (bp) Promoter region Origin/Publication

Fw TTCATCATGGGCACTGTAGC . )

A 115 -5000 bp This Thesis
Rv ATGTCCTTCCATCCAGTCCA

B Fw CTCTGTGAACCTGTTAGAAGATGC 157 CRE site This Thesi

is Thesis

Rv  ACCGAAGGCTGAAGCTGATTA (-2500/-2000 bp)
Fw CTGCGGAAGAG CCAGT . )

C 150 +5000 bp This Thesis

Rv  CAAAAGGCTTCTCACTGGGT

3.4.6. Luciferase reporter assay.

Luciferase report assays were performed to analyse and quantify transcription factor

CREB activity in SK-N-SH cells, using Dual-Glo Luciferase Assay System (Promega).

Cells were plated in 12-well plates and, the day after, were transfected in transient
conditions with Lipofectamine LTX with PLUS reagents (Invitrogen), as described above,
with 0.5 pug DNA plasmids mix (relation 3/1): 0.38 pg of pGL4.29 [luc2P/CRE/Hygro]
containing firefly (Photinus pyralis) luciferase gene reporter vector carrying 5'-CRE
transcription regulatory sequence to analyse; alongside 0.12 pg of pRL-Null containing
renilla (Renilla reniformis) luciferase gene construct that is constitutively expressed used
as control of transfection efficiency. Also, cells without DNA plasmids transfected were
used as blank to reduce background luminescence signals from cells. See table 3.4. for

more information about DNA constructs.

Passive lysis and quantification of Renilla and Firefly levels were performed as described
in manufacturer’s directions of Dual-Luciferase Reporter Assay System kit (Promega).
Briefly, cells were lysed in plate with 100 pl of 1X PLB (Passive lysis buffer) diluted in
distilled water rotating for 30 min at room temperature, harvested in a 96-well plate and
stored at -80 °C until assay. Plate was centrifuged at 14000 rpm for 10 min and then, 20
pl of supernatant cell lysate was load into a new 96-well plate. Then, 100 pl of Luciferase

assay reagent (LARII) containing luciferin (firefly luciferase substrate) was added and
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luminescence was measured within 1 min after addition. After that, firefly luciferase
reaction was quenched with 100 pl of Stop&Glo reagent that also contains coelenterazine
(renilla luciferase substrate), initiating second luciferase reaction. Luminescence from

both reactions was measured with GloMax-Multi apparatus (Promega).

Firefly luminescence values were normalized against Renilla luminescence values used as
control of transfection for each sample. Samples were blanked using the blank wells.
Measurements were done in parallel triplicates and values were averaged. Relative light

units were obtained of experimental values related to untreated values (control vehicle).

3.4.7. RNA in situ hybridization (ISH) images.

To reveal the localization of specific mMRNA sequence of ADAMTS2 expression on mouse
embryo brain at stage E14.5, we take advantage of a RNA in situ hybridization (ISH)

images collected in the Transcriptome Atlas Database for Mouse Embryo from Eurexpress

project web page (Link: http://www.eurexpress.org), described in (Diez-Roux et al.

2011).

3.5. Protein analyses.

3.5.1. Immunoblotting (Western blot).

Phosphorylation and protein level quantification were analysed by immunoblotting

(Western blot).

Cell lysis was performed using RIPA buffer (Sigma) supplemented with phosphatase and
protease inhibitors cocktails (Roche, Germany). Adherent cells were lysed directly in the
plate: culture media was removed by aspiration, cells washed once with 1X PBS and
removed by aspiration, lysis buffer was added to the plate directly placed on ice and cells

were scratched and collected to a 1.5 ml tube. Homogenized samples were kept on ice
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for 20 min and clarified by centrifuging at 14000 rpm for 15 min at 4 °C. Supernatant
containing the proteins was collected and transferred to a new tube and stored at -20 °C

until used.

Quantification of protein concentration was carried out using DC protein assay reagent kit
(Bio-Rad) in a Spark Multimode Microplate Reader (Tecan Trading AG). Calibration curve
was stablished by preparation of standards using 0-10 pg/pl of BSA (concentration stock
1mg/ml, diluted in distilled water). Measuring of standards and samples was performed
mixing in a 96-wells plate 1 ul of sample, 25 pl of reagent A and 200 pl of reagent B.
Samples were incubated 5 min protected from light at room temperature and then, were

read in the fluorometer.

Total amount protein desired to analyse was calculated, normally between 20-40 ug per
sample. Protein samples were prepared by mixing the corresponding volume from protein
extracts filled with lysis buffer until the total volume desired and 4X laemmli sample buffer
(Bio-Rad) complemented with 2-Mercaptoethanol (VWR) as loading buffer, added to a
final 1X of working concentration. Then, samples were boiled at 95 °C for 5 min to

denaturize proteins and kept on ice until using to avoid protein renaturation.

Samples were loaded and separated according to their molecular weight in a
polyacrylamide-SDS gel electrophoresis (SDS-PAGE). Percentage of acrylamide/bis-
acrylamide solution (29:1) (stock solution= 40%, w/v) (Bio-Basic, ON, Canada) used for
the gel preparation was dependent on the molecular weight of the protein to be analysed
(ranging from 8-115 %). Electrophoresis was carried out in a Mini-PROTEAN Tetra cell
cuvette (Bio-Rad) powered by a basic PowerPAC supply (Bio-Rad) at constant voltage of
100-150 V for 2-3 hours, using electrophoresis running buffer2. PageRuler plus prestained

protein ladder (Thermo Scientific) was used to evaluate protein migration and separation

2 Running buffer: 25 mM Tris pH 8.3, 192 mM glycine, 0.1 % SDS (w/v),; stock concentration 10X,
stored at room temperature.
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during gel electrophoresis. Proteins were transferred from acrylamide gel to a 0.45 pm
nitrocellulose blotting membrane (Amersham Protran, GE Healthcare life science,
Germany) in a Mini-Trans blot cell (Bio-Rad) using cold transfer buffer? at constant
amperage of 350 mA for 60-90 min depending on the molecular weight of the proteins of
interest. After protein transference, nitrocellulose membrane containing proteins was
stained with Red Ponceau* solution for 5 min at room temperature and distained with
distilled water until proteins bands were seen to check protein load and integrity. Then,
membrane was blocked for 45-60 min in agitation at room temperature in order to avoid
unspecific antibody binding during the following steps. Blocking step was performed in 5
% non-fat dry milk (w/v) or 5 % of BSA (w/v), according to antibody recommendations.
Both, milk and BSA were dissolved in TBS-T buffer>® (15 ml per membrane). Membrane
was washed twice with TBS-T for 10 min and incubated with the specific primary antibody
diluted in TBS-T with 1 % BSA (w/v) as indicated in table 3.6. overnight at 4 °C in
agitation. After that, membrane was washed three times with TBS-T for 10 min and then,
incubated at room temperature for 1 hour with the corresponding secondary
fluorochrome-conjugated antibody diluted in TBS-T with 1 % BSA (w/v) as indicated in
table 3.6. Finally, membrane was washed three times for 10 min with TBS-T and signals
were visualized and recorded with an Odyssey Infrared Imaging scanner (Li-Cor

biosciences, NE, USA). Immunoblot densitometry analysis on every band was calculated

3 Transfer buffer: 25 mM Tris pH 8.3, 192 mM glycine, 10 % methanol (v/v); stock concentration
10X, stored at room temperature.

4 Red Ponceau solution: 0.1% Ponceau S (w/v) (Bio-Rad) in 5 % acetic acid (v/v); stock solution 1X,
stored at room temperature.

5TBS: 20 mM Tris-HCI pH 7.5, 150 mM NaCl; stock concentration 10X, stored at room temperature.

6 TBS-T: 0.05 % Tween 20 (v/v) diluted in TBS; stock solution 1X, stored at room temperature
protected from light.
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using Image Studio Software (LI-COR). Phosphorylation and total protein densitometry

values were normalized to B-Tubulin signal.

3.5.2. CREB transcription factor ELISA-based binding assays.

To detect and quantify transcription factor CREB binding capacity to its consensus binding
sites in PBMC from SCZ patients, an ELISA-based assay was performed using a TransAM
CREB transcription factor assay kit (Active Motif, CA, USA), following the manufacturer’s

instructions.

Cell nuclei from patient PBMC were lysate using a Nuclear extract kit (Active motif),
following the manufacturer’s instructions. Protein concentration was determined using DC
protein assay reagent kit (Bio-Rad), as described above (150 mg of nuclear protein for

9-106 cells).

For binding of CREB from samples to their consensus sequence, 30 ul complete binding
buffer” was added to each well. Next, 5 ug of sample or positive control (provided by kit)
diluted in 20 pl of complete lysis buffer® were added and incubated for 3 hours at room
temperature with mild agitation (rocking platform). For blank, 20 pl complete lysis buffer
was added only in a well. Next, each well was washed three times with 1X wash buffer?,
flicking the plate over a sink to empty the wells. Then, each well was incubated with the
specific primary antibody (CREB 1:1000) (see table 3.6.) diluted in 100 ul of 1X antibody

binding buffer!® for 1 hour at room temperature without agitation. After that, wells were

7 Complete binding buffer: 10 ul of 1 ug/ul Herring sperm DNA and 1 ul 1M DTT per 1ml of binding
buffer AM1 (provided by kit). Any remaining should be discarded if not used at the same day.

8 Complete lysis buffer: 0.23 ul protease inhibitor cocktail, 0.02 ul of 1M DTT in 22.25 ul lysis buffer
AM1, for 1 well. Any remaining should be discarded if not used at the same day.

° 1X wash buffer: 10 ml of 10X Wash buffer AM1 with 90 ml of distilled water, for every 100 ml of
buffer; stored at 4 °C for one week.

10 1X antibody binding buffer: 1 ml of 10X antibody binding buffer AM1 with 9 ml distilled water, for
every 10 ml of buffer; discard remaining after use.
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washed three times with 1X wash buffer as described above and then, incubated at room
temperature for 1 hour with the corresponding secondary HRP-conjugated antibody (anti-
mouse IgG for CREB) (see table 3.6.) diluted in 1X antibody binding buffer. Then, wells
were washed four times, developing solution was added at each well and incubated for
10 min at room temperature protected from light to develop blue colour of each reaction.
Finally, stop solution was added to each well (in presence of acid the blue colour turns
yellow) and absorbance was read on a Spark Multimode Microplate Reader (Tecan Trading
AG) within 5 min at 450 nm with an optimal reference wavelength of 655 nm. Plate was

blanked using the blank wells.

3.5.3. Immunohistochemical staining.

ADAMTS?2 protein expression and localization in mice brains during development were

analysed by immunohistochemical staining.

Five mice embryos at stage E18.5 and five postnatal P7 mice were anesthetized, perfused
transcardially with PBS and followed by 4 % paraformaldehyde (v/v) in PBS. Brains were
removed and post-fixed overnight at 4°C in the same fixative and then, dehydrated
progressively in ethanol and paraffin-embedded. Next, 10 um-thick coronal sections were
obtained and mounted in parallel series. The sections were dewaxed and rehydrated for

ADAMTS2 immunostaining.

The tissue was rinsed with phosphate buffer solution and 0.075 % Triton X-100 in PBS-
T, This was followed by 1h incubation in PBS-T with blocking solution!? to avoid
unspecific antigen binding in the following steps. Sections were then incubated with the
ADAMTS?2 primary antibody (Santa Cruz biotechnology, CA, USA) (see table 3.6.) diluted

in EnVision FLEX Antibody Diluent (DAKO, Denmark) overnight at 4°C. The following day,

11 pBS-T: 0.05 % Tween 20 (v/v) diluted in PBS.

12 Blocking solution: 10 % goat serum (GS) (w/v) in PBS.
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sections were rinsed three times at room temperature and then, incubated with the
appropriate secondary antibody during 1h (see table 3.6.). Afterwards, sections were
washed with PBS-T at room temperature. Sections were mounted on glass slides with
10:1 Mowiol (Calbiochem)-NPG (Sigma). For the colorimetric detection the tissue was
incubated with 1% 3,39-Diaminobenzidine (DAB; Vector Laboratories SK-4100) and

0.0018 % H202 in PBS.

3.6. Statistical analyses.

Kolmogorov-Smirnov test and Levene test were used to test normality and equality of

variances respectively.

For patients’ studies, in order to ensure group comparability between healthy volunteers
and patients, sociodemographic and clinical characteristics at baseline were tested by
unpaired Student t-test or one-way analysis of variance (ANOVA) for continuous variables
as necessary, and by Fisher’s Exact test for qualitative variables (Tables 3.1., 3.2., 4.1.

and 4.2.).

Wilcoxon Singed-Rank test for independent data was used to compare CRGAs mRNA
expression levels among healthy volunteers and drug-naive patients at baseline. Wilcoxon
Matched-Pairs Signed-Rank test for paired data was performed to compare the change in
the mRNA expression levels from baseline to 3 months following the antipsychotic

treatment (a = 0.05 / 6 = 0.008). STATA 15.1 was used for statistical analysis.

For in vitro studies, unless otherwise specified, all experiments were independent and
numerical data were summarized as the mean + SEM (standard error of the mean) using
GraphPad Prism6 software (CA, USA). Each global mean was compared using two tailed
unpaired Student’s t-test (a = 0.05), described in each figure legend. Statistical tests

were two-tailed with a 95% confidence interval.
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4. RESULTS.

In the present thesis, we have followed a bottom-up strategy using the transcriptional
data obtained in SCZ patients, mice samples and taking advantage of neuronal-derived
cells towards the identification of membrane receptors and the intra-cellular mechanism
controlled by them that affect the CRGAs expression. Initially, we analysed the dynamic
transcriptional responses of CRGAs to APDs incubation in neuronal-like cells. Then, in a
preclinical model of SCZ, we observed that all six genes are expressed in PFC from mice
brains, and five of them are overexpressed in affected mice. Furthermore, we performed
an independent validation using a new cohort of drug-naive non-affective psychosis
patients. We confirmed that ADAMTS2 expression was significantly up-regulated at
diagnosis and that treatment with APDs reduced their expression levels back to “healthy”
values which, in turn, was associated with clinical response (positive symptoms).
Moreover, this inhibition of ADAMTS2 was observed in patients after 12 months of
treatment with APDs. Finally, we provide new evidences that ADAMTS2 expression in mice
brains is aligned with that of the progenitors of neurons from the mesocortical and
mesolimbic dopaminergic pathways (extensively associated with schizophrenia
etiopathology). Accordingly, we show that in our experimental settings, ADAMTSZ2
transcription is controlled by dopaminergic signalling cascade (Di-class receptors)

through Erk and cAMP/CREB.

4.1. Dynamic transcriptional control of Clinical Response Genes to

Antipsychotics (CRGAs) by APDs, in neuronal-like cells.

To gain mechanistic insight into the transcriptional control of CRGAs, we analysed the
effects of APDs in human neuroblastoma SK-N-SH cells, which express cell surface
receptors that are well known targets of the main APDs (Di, Dz, 5-HTia and 5-HTza

receptors). We first tested potential anti-proliferative effects of clozapine, haloperidol,
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Figure 4.1. Basal gene expression of the six clinical response genes to antipsychotics
(CRGAs) and the main receptors targeted by antipsychotics (RTAPs). Cell viability after
APD incubation in SK-N-SH cells. (A) Figure shows PCR amplicons corresponding to a semi-
quantitative (35 cycles) RT-gPCR analysis of the mRNA expression of the indicated genes in
exponentially growing human SK-N-SH cells: (1) ADAMTS2, (2) CD177, (3) CNTNAP3, (4)
ENTPD2, (5) RFX2, (6) UNC45B, (7) DRD1, (8) DRD2, (9) HTR1A, (10) HTR2A, and (11) ACTB.
(B) Relative SK-N-SH cell proliferation after 48 hours incubation with the indicated antipsychotic
drugs (Drug concentration: 0-50 uM) (N=6). Data are mean + SEM; unpaired Student’s t test:
**p < 0.01 and ***p < 0.001 show significance with respect to control (Vehicle, drug 0 uM).
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risperidone and aripiprazole by incubating these cells with different concentrations of each
drug. We decided to work using specific APD concentrations that do not to elicit
proliferative arrest (Figure 4.1.).

In these settings, incubation of cells with APDs induced dynamic transcriptional responses
of CRGAs across time (Figure 4.2.). Intriguingly, different gene expression responses to
antipsychotic treatment can be distinguished: (1) fast (30 min) and sustained responses
(up to 24 h) (i.e. ADAMTSZ2 in cells incubated with clozapine or haloperidol); (2) fast and
transitory responses (i.e. ADAMTS2 in cells incubated with haloperidol or aripiprazole);
and (3) delayed modulation (24 hours) (i.e. ENTPDZ2 in cells treated with clozapine). Of
interest, ADAMTSZ2 was the only gene reacting significantly to the four APDs used: fast
and sustained in cells incubated with haloperidol and clozapine, and fast and transitory in
risperidone and aripiprazole incubations. Also, only CNTNAP3 and UNC45B showed
expression modulation in cells when incubated with the typical APD, haloperidol. Finally,
the data showed that the other five CRGAs do not show a significant response to atypical

APDs, risperidone and aripiprazole, but did it noteworthy in cells incubated with clozapine.

4.2. Validation of Clinical Response genes to Antipsychotics

(CRGAs) expression profiles.

4.2.1. Validation of CRGAs expression profile in a preclinical model of

maternal infection during pregnancy.

In collaboration with Dr. Javier Gonzalez-Maeso group and in order to explore whether
our previous data obtained from blood human samples could be reproduced using a
different approach, we proceeded to analyse the expression of the orthologous mice

version of these genes in the CNS. For this purpose, we took advantage of a preclinical
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RESULTS

Figure 4.2. Dynamic control of CRGAs mRNA expression by APDs in SK-N-SH cells. RT-
gPCR in cells incubated with antipsychotics for the indicated times as follows: risperidone (10
MM; blue bars), aripiprazole (1 pM; yellow bars), clozapine (1 pM; red bars) and haloperidol (1
MM; green bars) (N=5). Data are mean = S.E.M; One-way ANOVA for multiple comparations:
*p < 0.05, **p < 0.01, ***p < 0.001 shows significance with respect to control (C: vehicle;
grey bars).

model consisting on adult mice born to mothers submitted to influenza viral infection
during gestation. Pregnant CD1 mice were subjected to influenza viral infection according
to the protocol previously described (Moreno et al. 2011) and adult offspring were
assessed for behavioural and neurochemical traits corresponding to schizophrenia-like
phenotype, essentially increased head-twitch response elicited by treatment with the
hallucinogenic drug DOI and changes in the relative 5-HT,n and mGlu2 receptor
expression levels detected by ex vivo radioligand binding assays. A group of eight animals
that statistically presented these alterations were pair matched with control mice. Tissue
samples from mouse frontal cortex were obtained and mRNA was extracted to conduct
subsequent quantitative real-time PCR (RT-gPCR) experiments as previously described
with minor modifications (Gonzalez-Maeso et al. 2003).

The results first demonstrated that these six genes are expressed in cortical tissue from
mice brains. Second, the statistical analysis comparing control and influenza-infected
descendant mice (Figure 4.3.) revealed a significant overexpression of at least three of
the six total genes considered in this study, in particular CD177, CNTNAP3 and ENTPDZ2
(significance at p<0.01). Other two genes such as ADAMTSZ2, and RFX2 although not
reaching statistical significance showed a tendency to be overexpressed when compared

with control values.
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Figure 4.3. Expression of the CRGAs in frontal cortex of adult mice with schizophrenia-
like behavioral. Relative mRNA expression levels of Adamts2, Cd177, Cntnap3, Entpd2, Rfx2
and Unc45b determined by RT-gPCR assays in frontal cortex of adult mice born to influenza virus-
infected mothers (blue bars) and controls (grey bars). N=8 animals per group. Data are mean *
SEM; unpaired Student’s t test: **p < 0.01 shows significance with respect to control.

4.2.2. Independent validation of CRGAs expression in drug-naive first
episode SCZ patients before and after treatment with APDs.

4.2.2.1. Clinical characteristics of schizophrenia patients.

To gain further insights into the mechanistic effects of treatment with atypical APDs in
SCZ patients, we prepared two new cohorts of drug-naive SCZ patients with baseline
quantitative data (psychopathological characteristics) and clinical follow-up data after
treatment with APDs [Cohort #1: baseline and 3-month APD treatment (N=30), Table
4.1. and Cohort #2: baseline, 3- and 12-month treatment (N=9), Table 4.2.]. We
proceeded with two different cohorts due to the difficulties that are usually associated to
the clinical follow up of SCZ patients during APD treatment.
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From a clinical perspective, we found significant within-subject changes between baseline
data and after 3-month treatment with risperidone and aripiprazole in both cohorts of
patient. Interestingly, no differences were found in patients between 3- and 12-month
treatment groups in cohort 2, despite both were significantly different from their baseline
controls. For both cohorts, the above-mentioned changes between baseline and 3-month
data, significantly affected CGI (Clinical Global Impression), YMRS (Young Mania Rating
Scale), BPRS (Brief Psychiatric Rating Scale) and SAPS (Scale for the Assessment of
Positive Symptoms). Importantly, and as shown in tables 4.1. and 4.2., no differences
were found between the APDs in the total score of the clinical scales at baseline, 3-month,

and 12-month of treatment (all p > 0.05).

4.2.2.2. Transcriptional changes elicited by antipsychotic drugs in drug-naive
SCZ patients. Identification of dysregulated expression of ADAMTS2 in the onset
and highly responsive to APDs.

PBMCs isolated from blood samples from SCZ patients were obtained at the first episode
of psychosis (onset) and after 3 months of treatment with APDs (cohort #1; Table 4.1.).
In this context, using RT-gqPCR, an independent validation of transcriptional changes by
focusing on the expression of the CRGAs was performed. Interestingly, ADAMTS2 was

significantly and highly overexpressed at the onset, with respect to healthy controls, and

Table 4.2. Psychopathological characteristics at baseline, at 3- and 12 month-
treatment of cohort 2. Clinical changes during the follow up period comparison
between aripiprazole and risperidone. BPRS: Brief Psychiatric Rating Scale; CDSS: Calgary
Depression Rating Scale for Schizophrenia; CGI: Clinical Global Impression; SANS: Scale for the
Assessment of Negative Symptoms; SAPS: Scale for the Assessment of Positive Symptoms;
YMRS: Young Mania Rating Scale. # Wilcoxon Matched-Pairs Signed-Rank test; ® Paired T-Student
test; ¢ Comparison between aripiprazole and risperidone at baseline; analysis of variance
(ANOVA); ¢ Comparison between aripiprazole and risperidone following the antipsychotic
treatment at 3-month, using the total score of the clinical scales at baseline as covariate; analysis
of covariance (ANCOVA); ¢ Comparison between aripiprazole and risperidone following the
antipsychotic treatment at 12-month, using the total score of the clinical scales at baseline as
covariate; analysis of covariance (ANCOVA).
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also down-regulated to “normal” levels by APDs after 3 months of treatment (Figure
4.4.). Unexpectedly, this approach failed to validate the expression signature of the other

five genes studied in this new cohort of patients (all p-values > 0.008) (Figure 4.4.).
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Figure 4.4. CRGAs expression in an independent cohort of drug-naive first episode SCZ
patients and regulation by APDs. Relative mRNA expression level of ADAMTS2, CD177,
CNTNAP3, ENTPD2, RFX2 and UNC45B genes in PBMCs from peripheral blood samples of an
independent cohort of schizophrenia patients: healthy controls (basal; grey bar), untreated FEP
patients (basal drug-naive; black bars) and 3-months treated patients (striped bars). FEP: first
episode of psychosis. All patients were treated with risperidone and aripiprazole drugs and shown
clinic response to treatment (Cohort: patients N=30 and controls N=10). Data are mean £ S.E.M;
unpaired Wilcoxon Signed-Rank test with Bonferroni correction for multiple comparisons: *p <
0.008, **p < 0.001, ***p < 0,0001 compares patients at baseline vs. healthy controls; paired
Wilcoxon Signed-Rank test with Bonferroni correction for multiple comparisons: #p < 0.008, ##p
< 0.001, ###p < 0,0001 compares patients at baseline vs. those after 3-month APD treatment

To evaluate if this down-regulation of ADAMTS2 by atypical APDs was stable, we studied
a second cohort of SCZ patients (cohort #2) with clinical improvement at 3-month
assessment (Table 4.2.). Expression data by RT-gPCR validated the up-regulation of

ADAMTS?2 at the onset in drug-naive patients and its down-regulation after 3 months of
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APD treatment. Interestingly, both down-regulation of ADAMTS2 and clinical

improvement were stably maintained up to 12 months (Figure 4.5.).
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Figure 4.5. CRGAs expression in an independent cohort of drug-naive first episode SCZ
patients and regulation by APDs after 3 and 12 months. Relative expression levels in a new
independent cohort: healthy controls (basal; grey bars), untreated (basal, first-episode psychosis;
black bars), 3-months treated patients (red striped bars), and 12-month treated patients (blue
striped bars). All patients had clinic response to APDs (Cohort: patients N=9 and controls N=9).
Data are mean £ S.E.M; unpaired Student’s t-test: **p < 0.01 compares patients at baseline vs.
healthy controls; paired Student’s t-test: ##p < 0.01, ###p < 0.001 compares patients at
baseline vs. those after 3-/12-month treatment with APDs.

4.3. Neurotransmitter receptors targeted by antipsychotics and

the transcriptional regulation of the CRGAs.

4.3.1. Regulation of CRGAs by selective receptor agonists.

To evaluate the possible role of the receptor targeted by APDs in the expression control
of the CRGAs, we performed transcriptional analyses by RT-qPCR in SK-N-SH cells. To
this end, cells were incubated for 1 hour with the selective agonist for Di-class (SKF
83822), Dy-class (7-OH-DPAT), 5-HTia (8-OH-DPAT) and 5-HT2a/2c (TCB-2) receptors

(Figure 4.6.). Results show that SKF 83822 significantly trigged ADAMTS2 mRNA
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expression as compared to 7-OH-DPAT, 8-OH-DPAT or TCB-2 (Figure 4.6. A). Also, we
observed that SKF 83822 incubation significantly up-regulated ENTPD2 and UNC45B
expression. Cells incubated with 7-OH-DPAT shown significant up-regulation in ENTPD2
expression and down-regulation in UNC45B. Furthermore, TCB-2 incubation trigged
CNTNAP3 expression in these cells. It is remarkable that other genes as CD177 shown

non-significant alterations after agonist incubation.
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Figure 4.6. Regulation of CRGAs by selective receptor agonists. Relative ADAMTS2,
CD177, CNTNAP3, ENTPD2, RFX2 and UNC45B mRNA levels in SK-N-SH cells, analysed by RT-
gPCR in cells incubated with the indicated selective agonist (1h): SKF 83822 (D1-class receptors,
red bars), 7-OH-DPAT (D2-class receptors, blue bars), 8-OH-DPAT (5-HT1A receptor, yellow
bars) and TCB-2 (5-HT2A/2C receptors, green bars) (Drug concentration 1 uM) (N=3). Data are
mean £ S.E.M; Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001 shows significance with
respect to control (Vehicle, grey bars).
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4.3.2. APDs and selective receptor antagonist can modulate the

expression of ADAMTS2 through Di-class receptors.

Our previous data detected ADAMTS?2 as a candidate gene to participate in important SCZ
biological and mechanistic activities and therefore a potential marker for diagnosis and/or
therapy. Thus, we decided to depict the molecular mechanisms that can control its
expression and/or activity in neuronal-like cells. In these settings, using selective
antagonists for these receptors, we observed that only SCH 39166 (a D;-class receptor
antagonist) significantly down-regulated ADAMTS2 mRNA expression, whereas L-
741,626, WAY 100635 and MDL 100907 (antagonists of D2, 5-HT1a and 5-HT2a receptors,

respectively) were devoid of this effect (Figure 4.7.).
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Figure 4.7. Regulation of ADAMTS2 by selective receptor antagonist. Relative ADAMTS2
mRNA levels in SK-N-SH cells, analysed by RT-gPCR in cells incubated with the indicated selective
antagonist (1h): SCH 39166 (D1-class receptors), L 741,626 (D2-class receptors), WAY 100635
(5-HT1A receptor) and MDL 100907 (5-HT2A receptors) (Drug concentration 1 pM) (N=3-4).
Data are mean = S.E.M; Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001 shows
significance with respect to control (Vehicle, grey bars).
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Also, in a D; receptor context, we first incubated SK-N-SH cells with APDs and studied
ADAMTS2 gene expression upon D; receptor activation using SKF 83822. Confirming our
previous data, activation of the Di receptor triggered ADAMTS2 mRNA expression.
Supporting this observation, SCH 39166, a selective D; receptor antagonist, prevented
Di-mediated activation of ADAMTS2 (Figure 4.8.). Interestingly, in these conditions,
haloperidol and clozapine significantly blocked Di-mediated transcriptional activation of
ADAMTS2 (Figure 4.8.). Finally, incubation with paliperidone (risperidone’s active

metabolite 9-hydroxyrisperidone) and aripiprazole did not inhibit ADAMTS2 activation.
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Figure 4.8. Pharmacological dopamine D1 receptor modulation involved in the control
of ADAMTS2 gene expression. ADAMTS2 mRNA levels by RT-gPCR in cells treated with SKF
83822 (1 uM, stripped bar) and pre-incubated with SCH 39166 (1 pM), clozapine (1 uM),
haloperidol (1 pM), paliperidone (1 uM) and aripiprazole (1 uM) (N=4-5). Data are mean %
S.E.M; Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.001 vs control condition (grey bar),
and #p < 0.05, ##p < 0.01 vs SKF 83822 condition.
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In addition, we decided to study whether incubation with selective receptor antagonists
could modify the inhibitory effect provoked by clozapine, as it was the most potent APD
in our study, over ADAMTS2 mRNA expression in SK-N-SH cells. Results revealed that the
reduction on gene expression induced by clozapine was modified by L-741,626 and MDL
100907 (a Dz and 5-HTza receptor antagonists, respectively) but was potentiated by SCH

39166 (although not significantly) (Figure 4.9.).
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Figure 4.9. Effects of selective antagonist over clozapine-mediated repression of
ADAMTS2 mRNA expression. Relative ADAMTS2 mRNA expression level in SK-N-SH cells pre-
incubated 30 min with the indicated selective antagonist: SCH 39165 (D:-class receptors) (N=3),
L 741,626 (D2-class receptors) (N=3), WAY 100635 (5-HTia receptor) (N=5) and MDL 100907
(5-HT2areceptor) (N=6), and then incubated for 1 h with clozapine (N=4) (Drug concentration 1
MM). Student’s t-test: Data are mean = S.E.M: *p < 0.05, **p < 0.01, ***p < 0.001 vs control
condition (vehicle, grey bars), and #p < 0.05 vs clozapine condition (striped bar).
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4.4. ADAMTS2 gene and protein expression profile in the mouse

brain during development.

4.4.1. ADAMTS2 mRNA expression in embryo mouse brains.

Due to the scarce information that is available about the expression and function of
ADAMTSZ2 in the literature, we decided to study its expression with special focus in the
CNS. We first took advantage of the in situ hybridization data publicly available at the
‘eurexpress’ web page (see methods above) to check for Adamts2 mRNA expression in
different sections of a mouse embryo brain at stage E14.5 (Figure 4.10. A-D).
Interestingly, in the lateral sections, Adamts2 expression was very specifically detected
in the germinative neuroepithelium and migratory neural stream of the dentate gyrus
(DGN and DMS, respectively; Figure 4.10. A-B) in the hippocampus, and in the
progenitor cells (rhombic leap and migrator stream) of the external granular layer (EGL)
and in the cerebellum (Cb). Moreover, in the midline sections (Figure 4.10. C-D),
Adamts2 was detected in the ventral tegmental area (VTA), in the tegmental
mesencephalon (MES), and, caudally, in the progenitors of the isthmic organizer region
(ISO). Adamts2 was not expressed at this early developmental stage in the cortex (Cx)

or in the diencephalon (Di). It is important to note that the regions positive for Adamts2

Figure 4.10. Analysis of ADAMTS2 gene and protein expression profile in the mouse
brain during development. A-D) ADAMTS2 mRNA expression at stage E14.5. ADAMTS2
expression in the germinative neuroepithelium (Dgn) and migratory neural stream (Dms) of the
dentate gyrus (arrows in A,C); In the progenitors cells (rhombic leap and migrator stream) of
the external granular layer in the cerebellum (Cb); in the Ventral Tegmental Area (Atv), in the
tegmental mesencephalon (Mes), (arrow in B,D), and caudally, in the progenitors of the isthmic
organizer region (Iso), (arrowhead in D). E-O). At E18.5 (E-I) and P7 ADAMTSs protein was
detected in the neuropiles of the subplate of anterior cingular (CCx) and insular (ICx) cortex,
lateral septum (Ls), endopiriform nucleus (EP) and striatal shell region (St)(E,F). In the
hippocampus, ADAMTS2 was localized in the stratum lacunosum and moleculare of CA1 (sl-m)
and proximal fimbria (fi)(G-I). J-O) At P7 ADAMTS2 protein was detected in some cells and
neuropile of the infrapyramidal blade of dentate gyrus (DGip), (3-L) and its related molecular
layer (ml), (J-L). Immunoreactivity was also detected in the neuropile of the lateral anterior
hypothalamus (LA), with a strong expression in its limit with the suprachiasmatic nucleus (SCh),
(M-0).
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expression align with progenitors of dopaminergic and serotonergic neurons (mesocortical
and mesolimbic brain pathways) that have been extensively associated with schizophrenia

etiopathology.

4.4.2. ADAMTS2 protein expression in embryo and early postnatal

mouse brain.

In collaboration with Prof. Salvador Martinez group, in order to detect the expression and
the localization of the orthologous version of Adamts2 protein in mice brain, we perform
an immunostaining in C57BL/6 wild-type mice brains. We detected ADAMTS2 protein
expressed at E18.5 and P7 in the neuropiles of structures where synaptic formation and
remodelling are progressing, showing a dynamic pattern (Figure 4.10. E-L). At E18.5
the protein was specially accumulated in the subplate of the anterior cingular (CCx) and
insular (ICx) cortex, lateral septum (Ls), endopiriform nucleus (EP) and striatal shell
region (St; figure 4.10. E-F). These regions corresponded with domains where the
expression of dopaminergic D; and D; receptors was detected at this stage (as revealed

by the developmental mouse map in the Allen Brain Atlas, http://developingmouse.brain-

map.org/). In the hippocampus, ADAMTS2 was localized in the stratum lacunosum and
moleculare of CAl (SL-M) and proximal fimbria (fi; figure 4.10. G-I). At P7 the
immunoreaction was strongly decreased, and only some cells and neuropiles of the
infrapyramidal blade of dentate gyrus (DGip; figure 4.10. J-L) and its related molecular

layer (ML) were immunoreactive.
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4.5. D;-receptor dependent signalling mechanisms that
participate in the control of ADAMTS2 gene expression.

4.5.1. Molecular mechanisms activated downstream of Di-receptors in

neuronal-like cells.

Since D; receptors are known to signal through Ggs, we sought to confirm its role at
controlling ADAMTS2 expression in our system, alongside Gq and Gqq. For this purpose,
we incubated SK-N-SH cells with cholera toxin (Ggs activator), pertussis toxin (Gai
inhibitor) and YM-254890 (a specific Gqq inhibitor) (Zhang et al. 2019), before activating
D receptors with SKF 83822. The activation of Gqs (Figure 4.11. A) and the inhibition of
Gui (Figure 4.11. B) per se significantly up-regulated ADAMTS2 gene expression.
Moreover, the inhibition of Gg potentiated ADAMTS2 expression after Di receptor
activation (Figure 4.11. B). Finally, the inhibition of Guq did not modify the basal and the
SKF 83822-mediated increase of ADAMTS2 expression (Figure 4.11. C). In addition,
incubation of neuronal-like cells with the selective Di receptor agonist (SKF 83822)
provoked rapid phosphorylation of CREB and ERK1/2 (15 minutes) and no changes in
p38, that was used as a negative control (Figure 4.11. D-F). Additionally, rapid

phosphorylation of PKA substrates was detected in response to SKF 83822 which, in this

Figure 4.11. Molecular mechanisms triggered downstream of dopamine Di activation.
(A) ADAMTS2 mRNA levels by RT-gPCR in cells incubated for 1h with SKF 83822 (D:-class
receptors selective agonist; 1 pM) (N=4) and cholera toxin (CTX; Ggs subunit activator, 100
ng/ml), or pre-incubated 30 min with CTX and then incubated with SKF 83822 for 1h (red bar)
(N=3-4). (B) ADAMTS2 mRNA levels by RT-gPCR in cells incubated with SKF 83822 and pertussis
toxin (PTX; Gai subunit inhibitor, 50 ng/ml), or pre-incubated 30 min with PTX and then incubated
with SKF 83822 for 1h (blue bar) (N=5). (C) ADAMTS2 mRNA levels by RT-gPCR in cells
incubated for 1h with SKF 83822 and YM-254890 (Gqq subunit inhibitor, 1 pM), or pre-incubated
30 min with YM-254890 and then incubated with SKF 83822 for 1h (striped bar) (N=3). (D-F)
Western-blots showing relative phosphorylation levels of CREB, ERK1/2 and p38 in SK-N-SH cells
incubated with SKF 83822 (1 pM), as indicated for 15-, 30- and 60-min; graph bars indicate
quantification of fold activation (N=3-5); one-way ANOVA for multiple comparations. And (G)
Western-blots showing relative phosphorylation levels of PKA substrates in SK-N-SH cells
incubated with SKF 83822 at the indicated times and agonist concentrations (N=1); pictures
show a representative blot of each condition. Data are mean £ S.E.M: *p < 0.05, **p < 0.01,
***p < 0.001 vs control condition; and #p < 0.05 vs activation with SKF 83822.
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setting, was also used as a positive control, to show that SKF 83822 triggers D; receptor

downstream signalling through Ggas/AC/cAMP and PKA signalling axis (Figure 4.11. G).

To evaluate CREB-dependent transcriptional activity in our system, we took advantage of
a CRE-luciferase reporter gene (CRE-luc; see Methods). Incubation with SKF 83822
induced a concentration-dependent increase of CREB activity, which was also observed
with forskolin, that was used as positive control for AC/cCAMP-mediated CREB activation
(Figure 4.12. A). Following our rationale, we analysed whether APDs could counteract
the intracellular signalling activation mediated by selective D; receptor agonist SKF
83822. In these conditions, the results show that preincubation with clozapine, but not
haloperidol, paliperidone or aripiprazole, prevented SKF 83822-induced CRE-luc
activation (Figure 4.12. B). Also, a selective D; receptor antagonist like SCH 39166

prevented D; receptor-mediated activation of CREB (Figure 4.12. B).
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Figure 4.12. Pharmacological dopamine Di-dependent CREB activity modulation in SK-
N-SH cells. CREB activity in cells transfected with CREB-Luc alongside pRL-Null. (A) Cells were
incubated for 24 h with the indicated concentrations of SKF 83822 (0.1, 1 and 10 pM) and
forskolin (10 pM; stripped bar) (N=5); and (B) cells were pre-incubated for 1 h with the indicated
APDs and then, incubated for 24 h with SKF 82833 (10 uM; stripped bar). Data are mean %
S.E.M; Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.001 vs control condition, and #p <
0.05, ##p < 0.01 vs SKF 83822 condition.
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In addition, we studied the signalling and activity of other kinases involved downstream
the other receptors targeted by APDs, using selective D, (7-OH-DPAT), 5-HTia (8-OH-
DPAT) and 5-HTa (TCB-2) receptor agonist (Figure 4.13.). Results show that incubating
with 7-OH-DPAT agonist these cells, CREB activity decreases significantly (Figure 4.13.
A and D). By contrast, using 5-HT1a agonist no changes were detected both in signalling
and CREB activity (Figure 4.13. B and E). Finally, using 5-HT2a agonist, we observed a
rapid phosphorylation of ERK but not of CREB and significant increment of NFAT activity

detected by a luciferase reporter assay (Figure 4.13. C and F).
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Figure 4.13. Molecular mechanisms triggered downstream of D1, 5-HT1a and 5-HT2a,2c
receptors activation in SK-N-SH cells. SK-N-SH cells were incubated with selective agonist:
7-OH-DPAT (D2-class receptors), 8-OH-DPAT (5-HT1a receptor) and TCB-2 (5-HT2a/2c receptor):
(A-C) show western-blots with phosphorylation levels of CREB and ERK1/2 in cells incubated with
selective agonist (1 puM) for the indicated times (0, 15, 30 and 60 min) (N=3); and (D-E) show
CREB activity in cells transfected with CRE-Luc and (F) shows NFAT activity in cells transfected
with NFAT-Luc alongside pRL-Null, and incubated for 24 h with the indicated concentrations of
selective agonist (0.1, 1 and 10 pM), and forskolin (10 pM) or TPA (10 ng/ml) used as positive
control (stripped bar). N=3. Pictures show a representative blot of each condition. Data are mean
+ S.E.M; Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.001 vs control condition.
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4.5.2. Specific inhibitors of PKA and MEK can modulate SKF 83822-

dependent activation of ADAMTS2 expression.

To evaluate the potential contribution of PKA and ERK to the activation of ADAMTS2
expression, we incubated SK-N-SH cells with SKF 83822 D; receptor agonist in
combination with specific MAPK/ERK (selumetinib-AZD6244) and cAMP/PKA (H89
dihydrochloride) inhibitors. Both inhibitors prevented D; receptor induced expression of
ADAMTS2 (Figure 4.14. A), although only a cAMP/PKA inhibitor abrogated CREB-

dependent transcription and phosphorylation (Figure 4.14. B-C).
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Figure 4.14. Pharmacological PKA- and MEK-dependent signalling in SK-N-SH cells. SK-
N-SH cells were pre-incubated for 1 h with MAPK/ERK and cAMP-PKA inhibitors (selumetinib 1
MM and H89 10 uM, respectively) and then, incubated with SKF 82833 (RT-gPCR: 1 pM (1 h);
WB: 1 pM (15 min); Luciferase: 10 uM (24 h)). (A) Shows ADAMTS2 mRNA levels by qRT-PCR
(N=6); (B) shows CREB activity in cells transfected with CREB-Luc alongside pRL-Null (N=4);
and (C) western-blots showing relative phosphorylation levels of CREB and ERK1/2. Blots are
representative images of each western-blot (N=3). Data are mean £ S.E.M; Student’s t-test:
***p < 0.001 vs vehicle (control condition), and #p < 0.05, ##p < 0.01 vs SKF 83822 condition.
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4.6. Transcriptional mechanisms controlling ADAMTS2 gene

expression downstream of dopamine D; receptors.

4.6.1. ADAMTS2 expression is trigged through cAMP/PKA-dependent

activation downstream D: receptor.

Our previous data suggest that there is a rapid activation of the signalling mechanisms
controlling CREB activation after D; receptor activation that can be modulated
pharmacologically. We decided to challenge the contribution of cAMP/CREB signalling to
the transcriptional activation of ADAMTS2. We initially evaluated the activation of
ADAMTSZ2 gene expression together with C-FOS, an “early response gene” known to be a
direct transcriptional target of CREB that was used as control. Our data showed that SKF
83822 activated mRNA expression of both ADAMTS2 and C-FOS. Interestingly, incubation
with forskolin alone (a specific adenylyl cyclase activator) was sufficient to trigger the
transcription of both genes, whereas TPA (a PKC/MAPK activator) only activated C-FOS

transcription (Figure 4.15.).

4.6.2. CREBL1 is essential in the ADAMTS2 mRNA transcription.

To explore the implication of CREB in Di-mediated ADAMTS2 expression, we generated
two stable CREB1 knock-down SK-N-SH cells with GFP reporter by two approaches: (1)
lentiviral inducible shRNA construct inducible by doxycycline (Figure 4.16. A); and (2)
transfection of stably expression shRNA construct (Figure 4.16. B). Using this approach,
we reduced CREB mRNA and protein expression, as shown in figure 4.16. by both

approaches.
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Figure 4.15. Control of ADAMTS2 mRNA expression through PKA-dependent and
independent signaling activation. gqRT-PCR showing relative ADAMTS2 and C-FOS mRNA
expression level in cells treated for 1 hour with SKF 83822 (1 uM; N=5; blue bar), forskolin (10
MM; N=3; red bar) and TPA (10 ng/ml; N=3; green bar). Data are mean £ S.E.M; Student’s t-
test: *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle (control; grey bar).

In CREB knock-down cells, SKF 83822 and forskolin failed to induce the expression of
ADAMTS?2 (Figure 4.17. A and C). Interestingly, SKF 83822 did not significantly activate
C-FOS expression in CREB knocked down cells when compared to control cells. In
contrast, TPA (a PKC/MAPK activator) indeed activated C-FOS expression (Figure 4.17.
B and D).

Mechanistically, reduced CREB expression did not impair ERK phosphorylation elicited
downstream of D; receptor activation by SKF 83822 (Figure 4.18. A and D). In this
context, we also used forskolin and TPA as controls for specific activation of CREB
(through PKA activation) and ERK, respectively (Figure 4.18. B and C; and Figure
4.19.). Thus, activation of CREB seemed to play a key role in the control of ADAMTS2

gene expression downstream of D; receptors.
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Figure 4.16. CREB1 knock-down by short hairpin (sh) RNA sequences in SK-N-SH cells.
(A) CREB1 knock-down SK-N-SH cells by lentiviral inducible shRNA and GFP reporter construct
(green bars), incubated with doxycycline (1 pg/ml) for 72 h, CREB protein total expression (left)
and CREB1 mRNA level (right) in non-targeted control (NTC) or shCREB1 cells (N=3); and (B)
CREB1 knock-down SK-N-SH cells by transfection of stably expression shRNA and GFP reporter
construct (yellow bars), CREB protein total expression (left) and CREB1 mRNA level (right) in
scrambled (SCR) or shCREB1 cells (N=3). Images are representative of independent
experiments. All cells were selected with puromycin (1 pg/ml) at least 7 days. Data are mean
S.E.M; Student’s t-test: **p < 0.01, ***p < 0.001 vs NTC/SCR-doxycycline(-).
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Figure 4.17. Transcriptional mechanism CREB-dependent that control ADAMTS2 mRNA
expression. CREB Knock-down SK-N-SH cells were incubated for 1 h with SKF 83822 (1 pM, red
bars), forskolin (10 uM, blue bars) and TPA (10 ng/ml, green bars). RT-gPCR showing relative
(A) ADAMTS2 and (B) C-FOS mRNA expression in inducible shCREB1 or non-targeted control
(NTC) cells incubated with doxycycline (1 pg/ml) for 72 h (N=3); and RT-qPCR showing relative
(C) ADAMTS2 and (D) C-FOS mRNA expression in stably expressing shCREB1 or scrambled (SCR)
cells (N=3). All cells were selected with puromycin (1 pg/ml) at least 7 days. Data are mean +
S.E.M; Student’s t-test: **p < 0.01, ***p < 0.001 vs NTC/SCR-vehicle; and #p < 0.05, ###p
< 0.001 vs each condition in NTC/SCR cells.

123



RESULTS

SKF 83822 (1 uM) Forskolin (10 uM)
NTC sh1 NTC shi

- + - + - + - +
S y——lrryY

CREB‘-h.—-‘ ‘-ddd‘

P-ERK1/2‘ G S — — — S— ‘
ERK1/2’- | ~— -‘ ‘ ‘
B-Tubulin’————‘ ‘————‘
G D
TPA (10 ng/ml) SKF 83822 (1 uM)

NTC sh1 SCR shD

: + ] S & - &
P-CREB“ sl - &..“ ‘.-' — - - -—“
CREB‘--‘-—‘—“ [h—-‘-]

pERKL/2 | — — — | —— |

B-Tubulin ’ ‘ ‘ e moevam e —‘

Figure 4.18. CREB-dependent and independent signalling downstream dopamine D:
receptor in SK-N-SH cells. Western-blots using anti-phospho-CREB and anti-phospho-ERK as
well as anti-CREB and anti-ERK antibodies. Inducible shCREB1 or non-targeted control (NTC) SK-
N-SH cells incubated with doxycycline (1 pg/ml) for 72 h and then, incubated for 15 min with (A)
SKF 83822 (1 pM), (B) forskolin (10 pM) and (C) TPA (10 ng/ml) (N=3); and (D) stably
expressing shCREB1 or scrambled (SCR) SK-N-SH cells incubated for 15 min with SKF 83822 (1
uM) (N=3). All cells were selected with puromycin (1 pg/ml) at least 7 days. Blots are

representative images of each western blot.
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Figure 4.19. PKA-dependent and independent signaling activation. (A) Western-blots
showing relative phosphorylation levels of PKA substrates in SK-N-SH cells incubated with forskolin
(10 pM) and TPA (10 ng/ml), at the indicated time points (0, 15, 30 and 60 min) (N=1); and
relative phosphorylation levels of CREB (C) and ERK1/2 (D) in SK-N-SH cells incubated with
forskolin (10 uM), at the indicated times (N=3). Images are representative of each western blot.
Data are mean = S.E.M; Student’s t-test: *p < 0.05, ***p < 0.001 vs 0 h.

4.7. Mechanism that control ADAMTS2 in sample from clinically

characterized patients.

4.7.1. Comparative CREB binding vs. relative ADAMTS2 mRNA

expression in drug-naive and APD treated SCZ patients.

To evaluate the possible role of CREB activity in SCZ patients, we took advantage of a

specific CREB DNA-binding ELISA-based assay (see methods). This approach enables to
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quantify CREB binding to specific CRE elements in the DNA, using nuclear protein extracts
from patient samples. For this, we used samples from the first cohort of patients. Due to
the reduced availability of samples in our biobank we worked with a reduced number of
cases.

Our findings, although should be taken as preliminary, showed a tendency where CREB
total binding was reduced after treatment in this subset of SCZ responder patients to
APDs (Figure 4.20. A). This observation was aligned with the downregulation of
ADAMTS2 gene expression after 3-month of APD treatment in the same patients (Figure

4.20. B).
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Figure 4.20. Comparative CREB binding vs. relative ADAMTS2 mRNA expression in SCZ
drug-naive and treated patients. SCZ patients and controls were selected to have a new sub-
cohort for this experiment. (A) Shows CREB binding (ODa4so units; red bars) in PBMCs from SCZ
patients and controls; and (B) shows relative ADAMTS2 mRNA expression (blue bars) in PBMCs
from SCZ patients and controls. Conditions: healthy controls, untreated (first-episode psychosis)
and 3-months treated patients. Data are mean £ S.E.M; unpaired Student’s t-test: *p < 0.05
and **p < 0.01 compares patients at baseline vs. healthy controls; paired Student’s t-test: ##p
< 0.01, ###p < 0.001 compares patients at baseline vs. those after 3-month treatment with
APs (Cohort selected: N=7).
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4.7.2. Study of the predicted binding sites in the ADAMTS2 gene

promoter.

These results strongly suggested a role for the transcription factor CREB as a regulatory
element in the expression of ADAMTS2 mRNA. We therefore hypothesized that CREB
might influence the up-regulation of ADAMTS2 mRNA in SCZ patients observed at the
onset of the pathology. To confirm the binding of this TF in this promoter region, we used
ChIP analysis on ADAMTS2 regulatory sequences. As explained in the introduction, CREB
proteins have a glutamine-rich Q2 domain which binds the canonical CRE site (5'-
TGACGTCA-3’) responsible for binding with RNA polymerase II initiation complex
(Altarejos and Montminy 2011). We first analysed ADAMTS2 with the help of ‘Genomatix
Matinspector’ software (see methods) and found that the sequence between -2.5 kb and
+2.5 kb relative to the transcription initiation site (+1), contained a number of CRE sites
with the canonical nucleotide sequence TGACGTCA, as well as NFAT and AP-1 sites
elements. In figure 4.21., we show a schematic representation of this gene promoter,

highlighting the CRE, NFAT and AP-1 sites, as well as the primers used in

ADAMTSZ2 promoter
CRE  CRE AP-1 NFAT |-> CRE
or L EHB W B ® e
primers: T -
| 'SKbM '2Kb} | -le} } | WHKb H+5Kb |

Figure 4.21. Predicted binding sites in the ADAMTS2 gene promoter region. Schematic
representation of predicted CRE, NFAT and AP-1 sites in the upstream promoter region of human
ADAMTS2 gene (based on the NCBI human reference sequence), and gPCR primers used for ChIP
assays. Grey colour: promoter region; pink colour: ADAMTS2 gene.
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chromatin immunoprecipitation (ChIP)-coupled quantitative PCR analysis. Also, in table
4.3., we show information relative to the sequence of the predicted sites and their anchor

position.

Table 4.3. List of transcription factors, location and sequence of the respective binding
sites in ADAMTS2 promoter. Binding sites predicted by ‘Matlnspector software’ analysis.
Capital letter: Anchor position.

Site Location Sequence Transcription factor

CRE 2135  ttgttcTGACgtgattggaag cAMPTresponse element-binding
protein

NFAT -1974  atttatGGAAacatggtga Nuclear factor of activated T-cells

CRE -1758  tggaacccaTGACgcattcct CAMP-response element-binding
protein

AP-1 -1194 agaTGACtcaggc Activator protein 1

NFAT -863 ttgggtGGAAaaggtaggc Nuclear factor of activated T-cells

CRE 1323 cgtgcgeacTGACgcecaggg cAMPTresponswe element binding
protein

NFAT 2218 acgcaaGGAAacaggaaga Nuclear factor of activated T-cells

For this purpose, we obtained PBMCs isolated from blood samples from two characterized
SCZ patients obtained at the first episode of psychosis (onset) and a healthy donor (still
uncharacterized but considered as control in this thesis). The reason we could only obtain
limited samples in due to the complications encountered in obtaining new patient samples
and controls with the appropriate informed consent, as well as the limitations in time for
their collection. Therefore, we must take this data as preliminary results of a project that
still in development. Chromatin from PBMCs was subjected to IP with CREB-specific
antibodies and DNA fragments were amplified by gPCR. To determine where CREB binds
to ADAMTS2, we analysed the following three different regions of ADAMTS2: the 5’
promoter region (amplicon 1; anchor position -5000), the proximal promoter CRE site

(amplicon 2; anchor position -2135) and a region used as a negative control of the CREB
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recruitment (amplicon 3; anchor position +5000) (Figure 4.21.). We observed more
binding of CREB to the regulatory region of ADAMTS2 comprising the CRE site (position -
2135) in SCZ patients than in the control (Figure 4.22.). These data support the idea of
a positive role for CREB in the differential up-regulation expression observed in SCZ
patients at the onset of the pathology, which can be explained by an enrichment of CREB
direct binding to the CRE site in the regulatory region of ADAMTS2 in PBMCs from

schizophrenia patients.

4.0
3.5
3.0 7
2.5
2.0
1.5

o] Hi H

0.0

Relative CREB enrichment (fold)

1

ADAMTS2 promoter position

Figure 4.22. Enrichment of CREB at the ADAMTS2 promoter in SCZ patients. ChiP-coupled
quantitative PCR analysis of the enrichment of CREB at various positions along ADAMTS2
(horizontal axis) in human PBMCs from controls (grey bar) and SCZ patients at onset (FEP, black
bars), assessed with antibody to CREB (anti-CREB) and presented relative to results obtained
with control IgG (N=2). Data are mean £ S.E.M.
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5. DISCUSSION

Our results herein revealed that the control of ADAMTS2 expression seems to be directly
associated with dopaminergic signalling, primarily with the D;-class receptors, and
downstream of these through cAMP/CREB and MAPK signalling. ADAMTS2 mRNA and
protein were specifically expressed in mesolimbic and mesocortical dopaminergic regions
in mice. Thus, D; receptor signalling towards CREB (cAMP response element-binding
protein) activation and its effects on ADAMTS2 gene expression might be linked to
biological mechanisms involved in schizophrenia development and to clinical efficacy of

antipsychotic drugs.

5.1. ADAMTS2 expression in first episode SCZ patients and its
regulation by APD treatment.

In the context of the local PAFIP program, we collected two new cohorts of drug-naive
SCZ patients with clinical data at baseline and after 3-month follow-up. These cohorts
included mRNA samples from peripheral blood mononuclear cells (PBMCs) that were taken
before and after treatment using APDs from individuals randomly selected out from a
larger set of FEP individuals followed up in the PAFIP program. These cohorts showed
significant within-subject clinical changes between baseline data and after 3 months of
treatment with risperidone and aripiprazole (see clinical rate scales in tables 4.1. and
4.2.). Using these cases alongside healthy controls, we attempted an independent
validation of our previous results using a different cohort of cases (Crespo-Facorro et al.
2015; Sainz et al. 2013). We comparatively quantified the mRNA expression of all six
CRGAs (ADAMTS2, CD177, CNTNAP3, ENTPD2, RFX2 and UNC45B) at baseline, 3 months
after treatment (cohort #1), and also at 12-month treatment with APDs (cohort #2) in

PBMCs. Remarkably, amongst the six genes analysed, ADAMTS2 emerged as a significant
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gene that was highly overexpressed at baseline in drug-naive SCZ individuals with respect
to controls and which returned to “normal” levels in clinical responders at 3-month and
12-month treatment (Figures 4.4. and 4.5.). Unexpectedly, in these conditions, we
failed to replicate significant differences in the rest five genes studied in this new cohort
of patients (all p-values > 0.008) (Figure 4.4.). Possibly, this can be explained by
experimental design and scope differences between previous and current experiments
(i.e., whole transcriptome mRNA-seq versus targeted RT-qPCR) which indeed account for

these discrepancies (Fang and Cui 2011).

Due that there is not always a direct correlation between the biomarkers obtained in
peripheral blood cells and CNS samples, and the problems to obtain brain biopsies from
patients, we decided to analyse the expression of the orthologous version of these genes
in schizophrenia-like phenotype mice. This study revealed a significant overexpression of
at least three of the six total CRGAs (Cd177, Cntnap3 and Entpd2) and other two genes
(Adamts2 and Rfx2) showed a tendency to be overexpressed when compared with control
values (Figure 4.3.). This profile, despite it is not consistent with the expression data
observed in the new cohort of patients, confirms two important matters: an up-regulated
expression of Adamts2 gene in a preclinical model of schizophrenia and the detectable
expression of Adamts2 in in the CNS, specifically in cortical tissue from mouse brain. This
data encouraged us to explore Adamts2 mRNA and protein expression in whole mice
brains with special focus on relevant brain areas related with the etiopathology of

schizophrenia (i.e. such as hippocampus and VTA).

Using neuronal-like cells (SK-N-SH), we observed that APDs can dynamically modulate
CRGAs expression (Figure 4.2.). These dynamics include early as well as delayed
transcriptional responses that may imply direct or indirect control of gene transcription
through mechanisms elicited downstream of the activity of APDs over their cognate

receptors but also by changes in the chromatin conformation or second and third rounds
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of transcriptional regulation. In agreement with the results exposed above in patients
(Figures 4.4. and 4.5.) but in contrast with our previous observations also in patients
from a different cohort (Crespo-Facorro et al. 2015), only ADAMTS2 mRNA expression
was inhibited after treatment of neuronal-derived cells with risperidone and/or
aripiprazole (two of the most currently utilized antipsychotics as first-line treatment).
From a dynamic perspective, ADAMTS2 gene expression was quickly (less than 1 hour)
and robustly downregulated by all APDs (Figure 4.2.). Moreover, whereas the activity of
risperidone and aripiprazole at downregulating ADAMTS2 mRNA was transitory in these
cells, those of clozapine and haloperidol were sustained to up to 24 h. The molecular
effects exerted by clozapine and haloperidol compared to other APDs might warrant
further investigations. Probably, these drugs have more complex effects beyond short-
term effects by their receptor affinity, particularly, in the long term, involving intracellular
mechanisms that may regulate neural functionality, neuroplasticity and neurogenesis
(Aringhieri et al. 2018; Fumagalli et al. 2009; Molteni et al. 2009). Interestingly, clozapine
was also highly, even more, effective at reducing CRGAs expression when compared with
other APDs. The molecular effects elicited by clozapine compared to other APDs might
also deserve further investigations in order to clarify its possible association with its
unique established superior efficacy for treatment-resistant schizophrenia, for suicidality
and its apparent ability to decrease substance use in schizophrenia patients (Khokhar et

al. 2018).

Finally, blood-based biomarkers may enable prediction of the type, timing, course, and
response to treatment, and may ultimately enable disease subtyping and patient
stratification (Chan et al. 2011). In this regard, back to our data in patients, we found
that transcription of ADAMTS2 gene is highly associated to different SCZ clinical stages.
Thus, ADAMTS2 might play a key, and yet to be defined, mechanistic role in both the
illness onset and clinical responses, regardless of the type of APD used. Furthermore, it

is important to highlight that PAFIP programme standardized the methods for sample
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collection, storage, and sample processing of biofluid sources of biomarkers. However,
there is still a long way to go before biomarkers become part of the standard clinical care
for schizophrenia patients. Before we get there, there are several things that need to be
improved upon (e.g. conduct larger studies for more statistical power and candidate
biomarkers need to be tested for sensitivity and specificity to resolve overlaps with related

disorders) (Lakhan and Kramer 2009).

5.2. Dopaminergic signalling involved in the regulation of
ADAMTS2 expression.

5.2.1. ADAMTS2 expression is located in ‘mesocorticolimbic’ system in

mice brains.

There is scarce information regarding specific ADAMTSZ2 expression and activity in the
CNS. As it mentioned above, we demonstrate that Adamts2 gene is expressed in mPFC
in mice (Figure 4.3.). To better understand its potential role in SCZ, we decided to
explore the orthologous Adamts2 gene expression in the mouse CNS, specifically in
C57BL/6 mice brains in collaboration with Prof. Salvador Martinez group. First, we took
advantage of the in situ hybridization data available at the ‘eurexpress’ web page for
mouse embryo brain. We detected Adamts2 mRNA at stage E14.5 in the dentate gyrus
(DG) in the hippocampus and the ventral tegmental area (VTA), among other brain
regions (Figure 4.10. A-D). Interestingly, these brain regions are part of the mesolimbic
and mesocortical dopamine systems (Khighatyan et al. 2018; Phillipson 1979; Rice et al.
2016). Second, in order to detect the orthologous version of ADAMTS2 protein at a
prenatal stage (E18.5) in mice brain, this protein was mapped in the neuropiles of anterior
brain structures, anterior cingular cortex, superficial striatum and lateral septum, where
neuronal expression of dopamine D; and D; receptors was detected by in situ

hybridization (http://developingmouse.brain-map.org/) (Figure 4.10. E-L). Finally, in
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human neuronal-derived cells (SK-N-SH), we observed that incubation with the selective
D; receptor agonist (SKF 83822) significantly trigged ADAMTS2 mRNA expression as

compared to other selective receptors agonists (Figure 4.6. A).

The hypothesis that dopamine and dopaminergic mechanisms are essential to psychosis,
and particularly to schizophrenia, has been one of the most enduring ideas about this
disorder (Howes and Kapur 2009). All pharmacological drugs used in schizophrenia
treatment block dopamine D, receptor with clinical improvement in positive symptoms
for the patients (Kapur and Remington 2001) and also, an elevated presynaptic striatal
dopamine levels correlates most closely with the symptom dimension of psychosis, and
blockade of this heightened transmission leads to a partial resolution of symptoms (Kapur
et al. 2000). Furthermore, observing our data in mice brains, Adamts2 gene localized in
the VTA region which projects to regions of the limbic system as the hippocampus (also
detected), among others (see Figure 4.10.), until a variety of cortical regions, including
the PFC. Also, as we observed in this thesis above, Adamts2 is expressed in mice brain
and up-regulated in SCZ-like phenotype mice (Figure 4.3.). All of this VTA innervation
is part of the mesolimbic and mesocortical dopamine systems that have been extensively
associated with schizophrenia etiopathology (Khighatyan et al. 2018; Phillipson 1979;
Rice et al. 2016). Thus, we can speculate that this link between ADAMTS2 and the
“mesocorticolimbic” dopamine system can have implications in the etiopathology of the
schizophrenia. Finally, it is well known that Di- and D»-class receptors can be found at
different levels throughout the target regions of the "*mesocorticolimbic” system (Beaulieu
and Gainetdinov 2011). ADAMTS2 protein was located in regions where neuronal
expression of dopamine D; and D; receptors was detected by in situ hybridization. A
number of studies have indicated that the mechanism involved in this dopamine pathways
regulates different aspects of behavioral and cognitive operations (Meneses 2014),
specially the cognitive role of Di-class receptors in schizophrenia (Floresco 2013). In this

way, it might be of interest to perform further investigations about the potential co-
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localization of ADAMTS2 and Di/D, receptors, ADAMTSZ2 expression changes in mice
models of schizophrenia before and after APD treatment and also alongside different

stages of the development (prenatal, early postnatal and adult mice).

5.2.2. Functional association between dopaminergic system and
ADAMTS2.

The functional association between ADAMTS2 and the dopaminergic system has not been
previously established, to our best knowledge. Also, there is scarce information regarding
ADAMTSZ2 expression and activity in the CNS but its expression can be detected in human

and brain samples (https://www.proteinatlas.org). ADAMTS2 is a member of the ADAM

Metallopeptidase with Thrombospondin family (Kelwick et al. 2015; Mead and Apte 2018).
This family participates in ECM organization targeting a number of proteins such as the
N-propeptides of procollagens I-III, fibronectin, decorin and Dkk3 (Bekhouche et al.
2016; Colige et al. 2005). ECM provides points of anchorage and facilitates the
organization of the neural cells in the CNS regions and is key in transmission of molecular
signals in several cellular processes (e.g. such as survival and growth) (Lau et al. 2013).
It is known that during the life of the individual, ECM changes its composition: first,
facilitating neurogenesis and plasticity changes in the brain during the early life and then,
stabilizing structures such as synapses (Dityatev and Schachner 2003; Zuber et al. 2005).
Alterations in the ECM as well as TGF- and WNT signalling has been associated with SCZ

(Benes et al. 2007; Berretta 2012; Hoseth et al. 2018).

Moreover, dysregulated mRNA expression of MMPs (MMP-16, -24 and -25) and ADAMTS
(ADAMTS-1, -6 and -8) families of proteases have also been reported in SCZ (Pietersen
et al. 2014a; 2014b). Predominantly, ADAMTS family proteins studies have been focused
on the PNNs structures and neuroplasticity, mainly targeted with ADAMTS that cleavage
brevican and lecticans (Demircan et al. 2013; Nakada et al. 2005). Collagen is present in

two ECM structures: basal lamina (where is located the blood-brain barrier (BBB)) and
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the neural interstitial matrix (a dense network of components) (see figure 1.8.).
Therefore, in one hand, ADAMTS2 protein could be an important role in BBB permeability
regulation, tightly linked with delivery of the APDs and other drugs in the CNS (Pollak et
al. 2018). Other ADAMTS have been related with this process (Gurses et al. 2016;
Lemarchant et al. 2013). On the other hand, ADAMTS2 could be important in the
dissemination of this drugs along the neural interstitial matrix (Pollak et al. 2018).
Alterations in the expression levels of MMPs, ADAM and ADAMTS proteins have been
associated with SCZ (Pietersen et al. 2014a; 2014b; Sethi and Zaia 2017), including
resistant schizophrenic patients (Domenici et al. 2010; Yamamori et al. 2013). Finally,
ADAMTS?2 could being relevant in cell-cell and ECM-cell interactions (i.e. glial cells with
neurons) and activation of the plasticity, as have been observed previously (Gottschall et
al. 2005; Gottschall and Howell 2015). Thus, considering ADAMTS2 gene expression and
its associated activities in the CNS, as well as the data presented in this thesis, it is

conceivable to speculate that it could participate in SCZ at different stages of the disease.

5.3. CREB transcription factor have an essential role in ADAMTS2

transcription.

5.3.1. cAMP/CREB as a primary mechanism to control ADAMTS2

transcriptional activity.

Up to this point, results exposed ADAMTS?2 as a candidate gene to participate in important
SCZ clinical and mechanistic activities. When we evaluated the possible role of the
receptors targeted by APDs in the expression control of ADAMTSZ2, incubating SK-N-SH
cells with selective agonists and antagonists for these receptors (D1, D2, 5-HTia and 5-
HT2a), our data strongly suggest that ADAMTS2 gene expression is controlled by Di-class
receptors activity (Figures 4.6. A and 4.7.), although these regulations cannot be ruled

out that other biological pathways might regulate its expression as well. D; receptors are
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the most abundant dopaminergic receptors in CNS, and their functional crosstalk with D3
receptor is well documented (Miller 2009a; 2009b; Paul et al. 1992). Then, we decided
to study the molecular mechanisms that can control its expression and/or activity in
neuronal-like cells, we observed that haloperidol and clozapine could significantly block
Di-mediated transcriptional activation of ADAMTSZ2 (Figure 4.8.). These results could
explain a repression of ADAMTS2 expression by antagonism of both receptors (Aringhieri

et al. 2018).

D1 receptor activate adenylyl cyclase (AC), which in turn regulate intracellular cAMP levels
leading to PKA activation and CREB phosphorylation (Belgacem and Borodinsky 2017;
Carlezon et al. 2005; Lonze and Ginty 2002) (Figures 1.5. and 1.6.). Incubating
neuronal-derived cells with a specific Gqs activator (CTX) and Ga inhibitor (PTX), we
observed a significant up-regulation of ADAMTSZ2 expression (Figure 4.11. A-B). Also,
using the selective Di receptor agonist (SKF 83822), our data showed that specific Dy
receptor activation elicited the activation of ADAMTS2 gene expression alongside a rapid
phosphorylation of CREB, ERK and PKA substrates (Figure 4.11. D-G). This rapid
phosphorylation observed in these cells resulted in CREB-mediated transcriptional activity
as detected by using specific reporter assays (Figure 4.12. A). Finally, incubation with
forskolin alone (a specific adenylyl cyclase activator) triggered transcription of ADAMTS2
(Figure 4.15.). In summary, supporting the D; receptor-mediated control of ADAMTS2
transcription, our data show that it is specifically triggered by activation of Dji-class
receptors (by SKF 83822), Gqs subunit (using CTX) and adenylyl cyclase (forskolin). Thus,
it is possible that, as part of the dopaminergic activity, ADAMTSZ2 could act as a major
cAMP/CREB effector in SCZ. Interestingly, D; receptor-mediated CREB activation was
abrogated only by clozapine (Figure 4.12. B), providing evidence that APDs can

modulate ADAMTS2 expression through cAMP/CREB signalling.
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Although this CREB-dependent regulation, other signalling pathways might regulate its
expression. In one hand, our findings reveal the contribution of Di-class receptors over
ADAMTSZ2 transcription and also indicate the potential participation of D, and 5-HTa
receptors in the effect of clozapine over ADAMTS2 expression (Figure 4.9.). In this
regard, it has been reported that clozapine can act as a biased agonist on 5-HTa receptor
(Aringhieri et al. 2017b; Schmid et al. 2014) and/or affect the hetero-dimer Dy/5-HT2a
receptors (Lukasiewicz et al. 2011). On the other hand, we discarded the potential role
of the Gqq subunits in the control of ADAMTS2 gene expression. In this regard, incubation
of neuronal-like cells with its specific inhibitor (YM-254890) did not modify both the basal
and the SKF 83822-mediated increase of ADAMTS2 expression (Figure 4.11. C).
Moreover, to evaluate the potential contribution of PKA and MEK to the activation of
ADAMTS2 expression, we disrupted cAMP/CREB and ERK signalling using specific
inhibitors (like H89 dihydrochloride and selumetinib-AZD6244, respectively) in SK-N-SH
cells. In these conditions, we observed an inhibition of Dy receptor-induced expression of
ADAMTS2 with both drugs, although only a cAMP-PKA inhibitor abrogated CREB-

dependent transcription and phosphorylation (Figure 4.14.).

Thus, we observed an ADAMTS2 expression controlling by a Di receptor-dependent
activation through mainly a CREB and ERK signalling that can be modulated
pharmacologically in SK-N-SH cells. Supporting these observations, recent data pointed
at cAMP/CREB signalling as an important mechanism linking dopaminergic signalling with
the pathophysiology of SCZ and mood disorders (Wang et al. 2018), and their pathological
consequences are mediated through different mechanistic processes (Sakamoto et al.
2011). Intensity and duration of CREB phosphorylation with the transcriptional regulation
of target genes containing CRE sites and the balance between CREB-target kinases and
phosphatases determines the degree of CRE-dependent gene transcription (Hagiwara et
al. 1992). In this line of evidences, neurons in different maturation stages may have

distinct phenotypes regarding the phosphorylation of CREB in response to the same
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antipsychotic drug (Pozzi et al. 2003; Yang et al. 2004). Hence, regulation of the
phosphorylation level of CREB brain could be a suitable strategy to develop new SCZ and

other mental disorders treatment.

Once observed the potential role of CREB in ADAMTS2 expression, we decided to
challenge the real contribution of cAMP/CREB signalling to the ADAMTS2 transcription in
SK-N-SH cells. Initially, our results showed that incubation with forskolin alone was
sufficient to trigger the transcription of both ADAMTS2 and C-FOS (an “early response
gene” known to be a direct transcriptional target of CREB that was used as control) (Dey
et al. 1991), that occurred alongside PKA and CREB activation (Figures 4.15. and
4.19.). Forskolin directly activates AC in mammals, thereby promoting a rapid
phosphorylation of CREB via PKA (Seamon et al. 1981; Zhang et al. 1997). However, TPA
(a PKC/MAPK activator) uniquely activated C-FOS transcription. Our observations suggest
us that there are two proteins (among others) involved in the regulation of ADAMTS2 but
it seems that CREB activity through cAMP/PKA activation has the greatest influence over

ADAMTS?2 transcription.

To elucidate the bigger role of cCAMP/PKA signalling in the ADAMTS2 gene expression, we
generated stable CREB1 knock-down SK-N-SH cells with GFP reporter to reduced CREB
mRNA and protein expression by two approaches: lentiviral inducible shRNA construct
inducible by doxycycline and transfection of stably expression shRNA construct (Figure
4.16.). In CREB-knockdown cells, D1 receptor activation (SKF 83822) and forskolin failed
to increase ADAMTS2 gene expression (Figure 4.17.). In contrast, SKF 83822 did not
significantly activate C-FOS expression but TPA did it in CREB knocked down cells when
compared to control cells. These data reinforce the idea that cAMP/CREB is an essential

mechanism to control ADAMTS?2 transcriptional activation (Figure 5.1.).
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Figure 5.1. Proposed signalling model of ADAMTS2 gene expression through D:
activation. Two vias seem to be involved in ADAMTSZ2 expression upon stimulation of G-protein
coupled Di receptor by SKF 83822 (selective D1 agonist): (1) Gaos/AC/cAMP/PKA signalling (dark
red), and (2) Gpy/MEK/ERK1/2 signalling (light red). Both Di receptor-mediated activation of PKA
and ERK signalling induce the phosphorylation of Ser133 CREB and ADAMTS2 mRNA expression
in SK-N-SH cells. Specific activation of PKA and inhibition of MEK by forskolin, and specific
activation of MEK/ERK signalling triggered significantly CREB activation and ADAMTS2
expression. These were retracted by selective D: receptor antagonist (SCH 39166) and specific
inhibitors of PKA (H89) and MEK (selumetinib). Inducible shCREB1 cells were unable to induce
ADAMTS2 expression by Di receptors and PKA-dependent stimulation. D: (dopamine D;
receptor), Gas (Gas subunit protein), Ggy (Ggy subunit protein), AC (adenyl cyclase), PKA (protein
kinase A), CRE (cyclic AMP-responsive element) site, PM (plasmatic membrane). Arrows: direct
interaction, dashed arrows: indirect interaction, blue arrows: selective stimulation, blue lines:
selective inhibition.
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5.3.2. CREB activity in samples from SCZ patients and binding to the
ADAMTS2 gene promoter.

Results exposed above support a functional role for the transcription factor CREB to
regulate the expression of ADAMTSZ2 gene in neuronal-like cells. To further characterize
this data, we decided to challenge whether CREB activity was still directly involved in
ADAMTS2 transcriptional activation in cells from SCZ patients. Limitations of PBMCs from
patients stored in the biobank might be considered, for that reason study samples were
considerably reduced from the original cohort #1. For this, we quantified CREB binding to
a bona-fide DNA element using DNA-binding proteins ELISA-based assays. Preliminary
data show a tendency where CREB total binding is reduced after treatment in this subset
of SCZ responders to APD patients that seems to be correlated with a down-regulation of
ADAMTS?2 transcription in these same patients (Figure 4.20.). Supporting this data, a
number of studies suggest that the timing of CREB regulation may be a key for the
associate changes in the cellular neuronal responses (e.g. such as neuronal cell death,
degeneration in brain hippocampus or excitotoxicity) (Dawson and Ginty 2002; Lopez de

Armentia et al. 2007; Sakamoto et al. 2011; Zeng et al. 2016).

Data obtained in ELISA-based assay in samples from SCZ patients, encouraged us to
evaluate CREB in the regulation region of ADAMTS2 in PBMCs from SCZ patients. We
hypothesized that CREB might influence the up-regulation of ADAMTS2 mRNA in SCZ
patients observed at the onset of the pathology. Again, we must take this data as
preliminary results due to limitations in the collection of fresh PBMCs from blood patients
(two cases and a control). Using chromatin immunoprecipitation (ChIP)-coupled
quantitative PCR analysis, we observed increased binding of CREB to the regulatory region
of ADAMTS2 comprising the CRE site in SCZ patients than in the control ones (Figure
4.22.). These results argue in favour of CREB playing an important role at controlling the
expression of ADAMTSZ2 gene. In this regard, it is conceivable that CREB activity could be

consider as a potential biomarker for APD response in SCZ patients. Nonetheless, as we
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commented above, this data are preliminary and further efforts can be considered to

explore the true role of CREB in APDs treatment in schizophrenia responder patients.

5.4. Potential limitations that might account to this work.

A number of potential limitations should be considered when interpreting our data and
the impact of our findings. First, sample size in this replication study is rather small
(cohort #1: N=30, and cohort #2: N=9). Noteworthy we selected a group of patients
with a first episode of non-affective psychosis who had not previously been on APDs (not
even a single dose) at the time of baseline blood test to avoid any interference with the
mRNA levels. Only those individuals who gave written consent and had mRNA samples at
baseline and at 3 months of treatment were eligible for this study. Therefore, all these
stringent inclusion criteria limited the number of patients in this cohort. Further
investigations to replicate our findings using larger and more heterogeneous groups are
warranted. Moreover, we need to characterize a new cohort of patients with bad prognosis
and non-response to treatment with APD to observe possible changes in ADAMTSZ2
expression respect to responder patients. Second, although transcriptomic data obtained
from blood samples might not resemble that of the brain, our study in a rodent model of
schizophrenia have shown certain parallelism between the expression in human PBMCs
(Crespo-Facorro et al. 2015; Sainz et al. 2013) and mouse frontal cortex (Figure 4.3).
In this regard, it will be of interest, to address these questions, within the next future,
using preclinical schizophrenia and/or ADAMTS2 transgenic mice models. Third, we
performed an independent validation using a targeted RT-qPCR gene approach that
largely differs from our previous experiments using whole transcriptome analyses. Fourth,
ADAMTSZ2 protein and mRNA expression show modest but detectable levels in “healthy”

human and mouse brain samples (https://www.proteinatlas.org). Thus, it is conceivable

to detect high fold increases when analysing diseased specimens, like in this case

ADAMTS2 in SCZ. Fifth, failure of some APDs to inhibit CREB activity and/or ADAMTS2
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mRNA expression in a D receptor-context. Our data herein do not discard that APDs
might regulate ADAMTSZ2 by indirect mechanisms like for example those involving B-
arrestin, ERK or AKT signalling (Aringhieri et al. 2017a; Del'guidice et al. 2011). Finally,
our preliminary results obtained by ELISA-based assay and ChIP from PBMCs are based
in a small replication subset of patients. We need to obtain a new cohort of patients with
PBMCs and RNA samples collected at the same time to be compared and found the
potential role of CREB and ADAMTS2 in the etiopathology or the antipsychotic response

in the schizophrenia patients.
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6. CONCLUSIONS.

1. ADAMTS2 is an independently validated gene with increased mRNA expression at the
schizophrenia onset (FEP) and “normal” expression in responder patients after a 3-

and 12-month treatment with APDs.

2. Antipsychotic drugs can dynamically regulate the expression of the CRGAs in human
neuronal-like cells, been ADAMTSZ2 the only gene of the study modulated by all

antipsychotic drugs significantly.

3. Orthologous Adamts2 mRNA and protein localize in embryo and postnatal mice at
mesolimbic and mesocortical dopamine systems that have been extensively

associated with schizophrenia etiopathology.

4. mRNA expression levels of five orthologous CRGAs (Adamts2, Cd177, Cnapt3, Enpd2
and Rfx2) is increased in the CNS of a schizophrenia-like phenotype model when

compared to control mice.

5. ADAMTS2 gene expression is regulated by Di receptors in human neuronal-like cells:
a. ADAMTS2 gene expression elicited by Di-class receptors is inhibited by
haloperidol and clozapine but not paliperidone in neuronal-like cells.
b. CREB activation elicited by Di-class receptors is inhibited by clozapine but not
haloperidol or paliperidone in neuronal-like cells.
c. ADAMTS2 mRNA expression elicited downstream of Dji-class receptors is
dependent on PKA and ERK activity, whereas CREB activation is only

dependent in PKA in neuronal-like cells.
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d. ADAMTS2 mRNA expression elicited downstream of Di-class receptors

requires CREB.

6. Treatment with antipsychotic drugs reduce total CREB activity in PBMCs from

schizophrenia patients.
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8. RESUMEN EN CASTELLANO.

8.1. Introduccion.

La esquizofrenia (SCZ) es un trastorno neuropsiquiatrico con un profundo efecto sobre
los individuos que la padecen vy la sociedad (afectando entorno al 1% de la poblacién, con
una incidencia en Cantabria de 13.8 por cada 100.000 habitantes). La mayoria de los
pacientes presentan, de forma prolongada pero intermitente, alteraciones de tipo
psiquiatrica cuyos sintomas pueden acabar siendo crénicos y desarrollar incapacidad en
el individuo. La psicopatologia de cada individuo que padece SCZ es muy variable
(relacionada con factores socioecondmicos, género, edad, ambiente urbano o consumo
de drogas), presentandose alteraciones en la cognicidn, las emociones, la percepcion de
la realidad y otros aspectos del comportamiento. Por ello, la SCZ se presenta como una
combinacion heterogénea de sintomas, tradicionalmente clasificados como “positivos”,
“negativos” y “cognitivos”. Los sintomas positivos reflejan comportamientos y
pensamientos que normalmente no estan presentes en los individuos y dan lugar a la
“pérdida de contacto con la realidad”, consistentes en delirios, alucinaciones y
habla/comportamiento desorganizados. Los sintomas negativos incluyen retraimiento
social, aplanamiento afectivo, anhedonia, afasia y abulia. Finalmente, los sintomas
cognitivos se presentar como un amplio conjunto de disfunciones cognitivas. Debido a su
complejidad, la SCZ es un trastorno dificil de diagnosticar (basado principalmente en la

observacion clinica) y sin test bioldgicos validos disponibles.

En la actualidad, se piensa que la esquizofrenia es el resultado de una interaccion
compleja entre factores de riesgo genético y ambientales que influyen en el desarrollo
cerebral temprano y la adaptacion bioldgica de las experiencias durante el trascurso de
la vida del individuo. En las Ultimas décadas, numerosos estudios han demostrado que
los factores genéticos contribuyen sustancialmente en este trastorno mental, aunque no

exclusivamente. En este sentido, estudios en gemelos han sugerido una heredabilidad
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entorno al 80% de este trastorno. Ademas, numerosas mutaciones raras (como son los
CNVs o los SNPs, por sus siglas en inglés) han sido relacionadas con un alto riesgo de
padecer la enfermedad y con diferentes procesos biolégicos (como por ejemplo, rutas
dopaminérgicas/glutaminérgicas, sinapsis o canales de calcio), aunque actualmente se
desconoce el efecto real de estas alteraciones genéticas sobre el desarrollo de la
patologia. Por otro lado, numerosas evidencias sugieren que individuos que manifiestan
esquizofrenia como adultos, presentaron complicaciones durante el neurodesarrollo
temprano dando lugar a dificultades cognitivas y sociales en dichos individuos que
acabaran dando lugar a complicaciones psicéticas en la edad adulta temprana (hipétesis

del neurodesarrollo).

La esquizofrenia se presenta con un curso crénico con frecuentes recaidas y tendencia a
desarrollar resistencia al tratamiento (baja adherencia). Dicho tratamiento se basa en el
uso de agentes farmacoldgicos, conocidos como farmacos antipsicéticos (APs), que tienen
como diana receptores de neurotransmisores como la dopamina y la serotonina, entre
muchos otros. Histdricamente se han clasificados en APs tipicos y atipicos, basandose en
gue, estos Ultimos, ademas de mejorar los sintomas positivos (como en el caso de los
tipicos), también reducian los efectos extrapiramidales (como parkinsonismo o discinesia
tardia) y presentaban mejoria de los sintomas negativos y cognitivos. A pesar de la
efectividad de los APs en la clinica, hay una marcada disparidad en la respuesta de los
pacientes en cuanto a sintomas y efectos secundarios: mientras que entre el 50 y el 60%
de los pacientes logran un grado 6ptimo de mejoria clinica de los sintomas positivos, es
comun poca o ninguna mejoria de los sintomas negativos o de los déficits cognitivos. Se
estima que entre el 20-50% de los pacientes desarrollan resistencia al tratamiento y, de
estos, alrededor del 30-60% si que responden a clozapina. Estas evidencias sugieren que
aunque el receptor D> es la diana clasica utilizada por los APs, su bloqueo puede no

abordar la anomalia bioldgica principal en un porcentaje significativo de pacientes.
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Desde una perspectiva molecular, los efectos de los APs también pueden incluir la
modulacion de mecanismos independientes del receptor D a través de efectos indirectos,
como por ejemplo aquellos relacionados con otros receptores metabotrdpicos implicados
en el control de la sefalizacién dependiente de cAMP y/o aquellos relacionados con los
efectos del agonismo sesgado. Los receptores dopaminérgicos son receptores acoplados
a proteinas G que promueven la fosforilacion de CREB a través de diferentes vias
(activacion de la sefializacion de cAMP/PKA o de MEK/ERK), siendo este factor de
transcripcidon esencial en la transduccidon de sefiales de la dopamina. La proteina CREB
esta presente en diferentes areas del cerebro y alteraciones de su actividad en neuronas
dopaminérgicas han sido relacionadas con cambios en el comportamiento en animales.
Ademas, alteraciones en la expresion de CREB han comprometido la supervivencia
neuronal y la neurogénesis. El papel de CREB en el tratamiento de la SCZ también ha
sido estudiado en animales, observandose que los diferentes APs pueden alterar la
fosforilacion y activacion de CREB de diferentes maneras, cuyo efecto es diferente en
funcion del estadio neuronal. Aunque se requieren mayor nimero de investigaciones,
algunos estudios han sugerido que los niveles de fosforilacién de CREB influye en
trastornos del estado de animo y su regulaciéon puede ser objeto de nuevas estrategias

aplicadas al tratamiento de esta clase de trastornos.

El estudio de patrones transcripcionales asociados con la respuesta clinica al tratamiento
con APs en pacientes con SCZ ha ampliado las posibilidades de estudio de nuevos
mecanismos moleculares desconocidos asociados con la accién antipsicética que pueden
ser cruciales para la mejoria de la respuesta clinica. En esta linea, anteriores estudios de
nuestro grupo de investigacidon, basados en secuenciacién masiva del transcriptoma de
pacientes, caracterizados en el ambito del programa regional ‘PAFIP’ en el hospital U.
‘Marqués de Valdecilla’, nos han permitido conocer una firma de seis genes (ADAMTS2,
CD177, CNTNAP3, ENTPD2, RFX2, and UNC45B) con expresion diferencial en los primeros

episodios de psicosis (FEP, por sus siglas en inglés) en pacientes drug-naive y cuya sobre-
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expression, en estos mismos pacientes respondedores clinicos tras tratamiento con APs
atipicos, se reducia a niveles de controles sanos. Entre los resultados obtenidos en estos
trabajos, hay que destacar el gen ADAMTS2 como aquel que mas significativamente
estaba sobre-expresado en los FEP y el que mayor modulacion experimento tras el
tratamiento con APs en estos pacientes. ADAMTS?2 pertenece a la familia de las proteasas
ADAMTS (‘a disintegrin and metalloproteinase with thrombospondin motifs") cuya
actividad se basa en escindir la molécula conocida como pro-colageno, esencial en el
mantenimiento de la estructura de la matriz extracelular (ECM, por sus siglas en inglés),
incluyendo aquella del sistema nervioso central (SNC). La relacidn establecida entre las
proteasas de la familia ADAMTS vy su capacidad para alterar el medio extracelular, junto
con la observacién de que la expresion de ADAMTS2 puede ser modulada por los APs y
su relacion con la respuesta clinica en pacientes de SCZ, lo convierte en un gen candidato
atractivo para investigar su papel en la patologia y/o eficacia en la respuesta clinica al

tratamiento antipsicotico.
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8.2. Hipotesis y objetivos.
8.2.1. Hipoétesis.

La esquizofrenia es un trastorno neuropsiquiatrico cuyo origen puede ser explicado por
alteraciones genémica y mecanisticas que regulan importantes redes neuronales y rutas
de sefializacién en el sistema nervioso central y células periféricas. Estas alteraciones
pueden ser asociadas con diferentes estadios de la patologia y la heterogeneidad en la

respuesta clinica al tratamiento antipsicético.

La hipédtesis principal de la presente tesis se basa en la observacion de que una serie de
genes alterados en los FEP en pacientes de SCZ y regulados tras el tratamiento podrian
estar relacionados con la respuesta clinica a farmacos antipsicéticos. Ademas, estas
alteraciones en la expresion génica podrian estar mediadas por mecanismos moleculares
y celulares en el SNC, cuyo estudio podria revelar nuevas dianas farmacoldgicas para

futuros tratamientos.

8.2.2. Objetivos.

El objetivo principal de la presente tesis es diseccionar los mecanismos esenciales que
participan en la biologia de la esquizofrenia con un potencial papel para el diagnéstico y/o
tratamiento. Ademas, tratara de comprender aspectos fisioldgicos noveles de la

enfermedad.
Esta tesis se centrara en tres objetivos especificos:

1. Estudio de los perfiles de expresion de los genes con respuesta clinica a los APs en

diferentes condiciones y modelos experimentales:

1.1. Validar la expresion diferencial de estos genes asociada con diferentes

estadios de la esquizofrenia usando cohortes independientes de pacientes.
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1.2. Estudio de la regulacion de la transcripcion de estos genes en respuesta a
agonistas/antagonistas selectivos de receptores y farmacos antipsicoticos en

células SK-N-SH.

1.3. Analizar la expresidn de estos genes en diferentes estadios del desarrollo en

cerebro de ratones sanos y en un modelo preclinico de comportamiento de SCZ.

2. Elucidar la sefalizacién y mecanismos intracelulares relacionados con la expresion de

ADAMTS?2 y los receptores diana de farmacos APs.

3. Investigar el papel de CREB vy la sefializacion de los receptores de la familia D; en la

regulacion de la expresién de ADAMTS2.
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8.3. Resultados y discusion.

8.3.1. La expresion de ADAMTS2 en los primeros episodios de psicosis
(FEP) de pacientes con esquizofrenia y su regulacion por tratamiento

antipsicético.

Resultados previos en nuestro laboratorio basados en secuenciacién del transcriptoma
por mRNA-seq a partir de células mononucleares de sangre periférica (PBMCs, por sus
siglas en inglés) de pacientes de SCZ caracterizados como respondedores clinicos,
revelaron una firma de seis genes (ADAMTS2, CD177, CNTNAP3, ENTPD2, RFX2, and
UNC45B) cuya expresion estaba significativamente alterada (elevada) en los primeros
episodios de psicosis (FEP) en pacientes drug-naive y que podia ser revertida a niveles
‘sanos’ tras el tratamiento con APs atipicos. A estos genes decidimos nombrarlos como
‘genes con respuesta clinica a APs’ (CRGAs, por sus siglas en inglés). Por tanto, en un
primer momento, decidimos replicar el estudio de expresidon en PBMCs mediante RT-qPCR
en dos nuevas cohortes de pacientes respondedores y controles sanos. Los resultados
mostraron a ADAMTS2 como el gen significativamente mas sobre-expresado en el basal
y el que cuya expresion mas se modulaba tras tres meses y un afio de tratamiento con
APs. Inesperadamente, en estas condiciones, la validacion fallo en la replicacion del resto
de genes que estudidbamos, posiblemente por las diferencias técnicas existentes entre

ambas aproximaciones (RT-gPCR y mRNA-seq).

Debido a que no siempre existe una correlacion entre los datos obtenidos en SNC y células
de sangre periférica, decidimos analizar la expresion de la version ortdloga de estos
CRGAs en un ratéon de comportamiento esquizofrénico, basado en un modelo preclinico
de SCZ inducido por la infeccion por virus de la influenza. Los resultados en mPFC de
cerebro de ratones ‘enfermos’, mostraron un patrén de sobre-expresion de cinco de los
seis genes (Adamts2, Cd177, Cntnap3, Entpd2 y Rfx2). Estos datos, aunque no coinciden

plenamente con los datos obtenidos en las cohortes anteriores, nos muestra que,
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efectivamente, Adamts2 esta sobre-expresado en un modelo preclinico de SCZ y que su

expresion puede ser detectada en SNC.

Finalmente, trabajamos con la linea celular humana de neuroblastoma llamaba SK-N-SH.
Tras la incubacion con APs (clozapina, haloperidol, risperidona y aripiprazol), observamos
que estos farmacos pueden modular dinamicamente la expresion de los CRGAs. De
acuerdo con nuestros datos previos en pacientes, sélo la expresion de ADAMTSZ2 fue
inhibido de forma rapida y robusta en células SK-N-SH después de la incubacion con todos
los APs: siendo transitoria con risperidona y aripiprazol; y mantenida con clozapina y
haloperidol. Destaca, ademas, clozapina como el AP que mayor efecto tubo sobre la
expresion de todos los CRGAs. Es posible que este efecto sea producido por cambios que
involucren mecanismos intracelulares mas complejos a largo plazo, que puedan estar
regulando la funcionalidad neural, la neuroplasticidad o la neurogénesis, y, que a su vez,
le otorguen mayor eficacia frente a la aparicion de resistencia al tratamiento en los

pacientes.

8.3.2. Senalizacion dopaminérgica involucrada en la regulaciéon de la
expresion de ADAMTS?2.

Se dispone de escasa informacion sobre la expresion de ADAMTS2 y su actividad en el
SNC. Por ello, decidimos estudiar su expresiéon en cerebros de ratén C57BL/6 sano.
Primero, mediante hibridacion in situ de RNA de resultados obtenidos a partir de la base
de datos de ‘Eurexpress’, observamos que el mRNA de Adamts2 se detectd en el giro
dentado (DG) del hipocampo y el area tegmental ventral (VTA) de cerebro de embridn de
estadio E14.5 de ratones. Por otro lado, mediante tincion inmunohistoquimica contra la
proteina de Adamts2 en ratén postnatal temprano, los datos revelaron su expresiéon en
regiones cerebrales cuyas neuronas expresaban los receptores D; y D,. Finalmente, en

las células SK-N-SH, se observd que tras la incubacidn con el agonista selectivo del
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receptor D; (SKF 83822), se incremento significativamente la expresion de ADAMTS2, en

comparacién con otros agonistas selectivos.

Uno de los pilares clave en el estudio del trastorno de la SCZ ha sido la hipdtesis que los
mecanismos dopaminérgicos juegan un papel esencial en la psicosis y la esquizofrenia.
La mayoria de los farmacos antipsicoticos utilizados en la actualidad se basan en el
bloqueo del receptor D, y la mejoria clinica en los sintomas positivos. Aunque la relacion
entre sistema dopaminérgico y la expresion de ADAMTS2 no habia sido previamente
establecido, para nuestro conocimiento, si observamos nuestros datos en cerebros de
ratones, Adamts2 se localizd en regiones que forman parte de los sistemas mesolimbicos
y mesocorticales dopaminérgicos del cerebro (VTA, mPFC, etc.) ampliamente
relacionados con el trastorno de la esquizofrenia. Ademas, estas regiones expresan ambas
familias de receptores dopaminérgicos, que regulan diferentes aspectos del
comportamiento y la cognicién, especialmente la familia de receptores D;. Por otro lado,
el papel de ADAMTSZ2 en el entorno de la ECM neural no ha sido estudiado en profundidad.
Esta proteina forma parte de la familia de proteasas ADAMTS, las cuales participan en la
organizacion del ECM. Las ADAMTS en el SNC, son clave en los cambios de composicidon
del ECM del entorno neural: facilitando la neurogénesis y la neuroplasticidad en el
desarrollo temprano, y estabilizando conexiones sinapticas en la edad adulta. Ademas,
cambios en el ECM estan relacionados con la difusion de farmacos a través de la barrera
hematoencefalica. Esto nos permitiria especular que ADAMTS2 pueda tener un papel
fundamental en la aparicidon de las bases del trastorno en la edad temprana del individuo

y, también, en la respuesta clinica al tratamiento con APs.

8.3.3. CREB como factor de transcripcion clave en la expresion de
ADAMTS2.

Nuestros datos en células de SK-N-SH sugieren que la regulacién de la expresion de

ADAMTS?2 se realiza a través de los receptores D;, uno de los receptores mas abundantes
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en el SNC. Esta familia de receptores sefializa a través de la adenilil ciclasa (AC) que
regula los niveles intracelulares de cAMP, activando la PKA y fosforilando CREB. Por ello,
decidimos estudiar los mecanismos moleculares que puedan estar interviniendo en el
control de la expresién de ADAMTSZ2 en estas células. Nuestros datos mediante RT-qPCR,
ademas de sugerir una estimulacion de la expresion dependiente del receptor D; (por SKF
83822), mostraron un incremento del mMRNA de ADAMTS?2 al activar la subunidad Ggs (por
cholera toxin) y AC (por forskolina), poniendo en escena la importancia del eje
Gas/cCAMP/CREB en la regulacion de dicho gen. Ademads, mediante ensayos de gen
reportero por luciferasa (CRE-luc), sélo clozapina era capaz de revertir la activacion de
CREB por SKF 83822. Posteriormente, para evaluar la contribucion de PKA y MEK a la
activacion de ADAMTS2, mediante el uso de inhibidores especificos de estas dos
proteinas, observamos que ambos inhibidores son capaces de bloquear la activacién de
ADAMTS?2 dependiente del receptor Di. Finalmente, mediante el silenciamiento de CREB
por infeccion lentiviral de vectores con shRNA para CREB1, observamos que la activacion
de la expresion de ADAMTS2 dependiente del receptor D; (SKF 83822) y PKA (por
forskolina), es incapaz de producirse. Estos datos refuerzan la idea que el eje cAMP/CREB

€s un mecanismo esencial en la transcripcién de ADAMTS2.

Una gran cantidad de estudios recientes han puesto en evidencia la sefalizacién basada
en cAMP/CREB como un importante mecanismo en la relacion de la sefalizacion
dopaminérgica y la fisiopatologia de la SCZ. Por ello, nos propusimos evaluar si CREB
pudiera estar influyendo en la sobreexpresién de ADAMTS2 en los FEP de pacientes de
SCZ drug-naive. Nuestros resultados en PBMCs (todavia preliminares), nos mostraron:
(1) una disminucién de la cantidad total de CREB unido al DNA de los pacientes tras el
tratamiento con APs (usando ensayos ELISA); y (2) un mayor enriqueciendo de CREB
unido a la regién CRE (sitio especifico de unidon como factor de transcripcion) en la regién
promotora del gen ADAMTS2 en pacientes en el comienzo de la enfermedad (drug-naive)
(mediante ensayos ChIP contra CREB).
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En conclusion, los resultados expuestos en la presente tesis argumentan a favor que el
factor de transcripcion CREB podria estar jugando un papel esencial en el control de la
expresion del gen ADAMTS2. Ademas, muestran a ADAMTS2 como un potencial gen
candidato, junto con la actividad de CREB, para ser considerado como biomarcador para
el diagnéstico en diferentes estadios de la esquizofrenia y/o para la respuesta clinica al

tratamiento con APs.
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Annexed Table 1

genelD S\c::':l‘:eol baseMean |baseMeanA| baseMeanB |foldChange Ioz:ﬁ;;dc pval padj

9509 ADAMTS2 24.026600 45.834033 |4.399911 0.095997 -3.380873 [6.32907E-74 |1.3236E-69

10232 MSLN 19.902828 2.957421 35.153693 11.886603 |3.571265 |4.04424E-49 |4.22886E-45
3429 IF127 75.198695 33.505473 112.722595 |3.364304 1.750308 |5.94483E-34 |4.14414E-30
680 BRS3 2.507595 4.974239 0.287615 0.057821 -4.112263 [1.78269E-25 |9.32034E-22
84873 GPR128 6.945074 8.904480 5.181608 0.581910 -0.781131 [3.17266E-23 |1.327E-19

105 ADARB2 171.335909 119.550223 |217.943026 |1.823025 0.866334 [3.49048E-21 |1.21661E-17
23500 DAAM2 107.383519 162.735641 |57.566609 0.353743 -1.499226 [4.72498E-21 |1.41162E-17
3048 HBG2 815.737293 470.213913 |1126.708335 [2.396161 1.260725 |2.38445E-18 |6.23324E-15
55301 OLAH 8.718639 13.984260 |3.979580 0.284576 -1.813116 [5.68551E-18 |1.32112E-14
722 C4BPA 87.844973 52.460749 119.690776 [2.281530 1.190002 |4.96129E-16 |1.03756E-12
6422 SFRP1 5.137860 1.842809 8.103405 4.397311 2.136622 [1.25359E-15 |2.38331E-12
283726 FAM154B 17.664389 25.802382 10.340195 0.400746 -1.319241 [2.18555E-15 |3.80886E-12
10349 ABCA10 39.828973 52.485733 |28.437888 0.541821 -0.884111 [4.77E-15 7.67347E-12
91543 RSAD2 1695.646906 [1053.050547 |2273.983629 [2.159425 1.110647 |1.00982E-14 |1.50846E-11
3047 HBG1 355.697607 228.284645 [470.369272 |2.060451 1.042960 |1.78018E-13 |2.48193E-10
146862 UNC458B 229.458589 336.931785 [132.732712 ]0.393945 -1.343933 [8.73578E-13 |1.14182E-09
30848 CTAG2 1.097797 2.297113 0.018412 0.008015 -6.963062 [1.54775E-12 |1.904E-09

9381 OTOF 57.931752 41.195009 |72.994821 1.771934 0.825325 [5.50169E-12 |6.39205E-09
26153 KIF26A 10.644450 16.129551 5.707859 0.353876 -1.498685 [8.05665E-12 |8.86783E-09
10964 IF144L 1504.272893 [959.158358 |1994.875974 [2.079819 1.056458 ]9.02943E-12 |9.44162E-09
346171 ZFP57 12.563949 8.363857 16.344033 1.954126 0.966524 [9.73699E-12 |9.69665E-09
1675 CFD 1334.446577 |1754.339473 |956.542971 |0.545244 -0.875026 [1.58022E-11 |1.50214E-08
57126 CD177 126.918303 170.698824 |87.515833 0.512691 -0.963837 [2.97617E-10 |2.70612E-07
389792 IERSL 74.242768 100.023292 |51.040296 0.510284 -0.970627 [6.26795E-10 |5.4002E-07

5239 PGM5 50.343508 67.754069  [34.674004 0.511763 -0.966453 [6.45555E-10 |5.4002E-07

152573 SHISA3 2.039628 3.637135 0.601871 0.165480 -2.595275 [1.47145E-09 |1.18356E-06
374407 DNAJB13 84.830385 63.024624 [104.455570 |1.657377 0.728902 [4.39699E-09 |3.28408E-06
954 ENTPD2 26.792888 35.713767  [18.764096 0.525402 -0.928506 [4.28886E-09 |3.28408E-06
79937 CNTNAP3 229.521550 304.886418 [161.693169 |0.530339 -0.915013 [5.53349E-09 |3.99041E-06
3434 IFIT1 1683.606350 [1174.892272|2141.449021 [1.822677 0.866059 [7.48191E-09 |5.21564E-06
6035 RNASE1 16.681659 23.099121 10.905943 0.472137 -1.082723 [9.47775E-09 |6.39382E-06
100128071 |LOC10012807425.304834 34.134849 17.357820 0.508507 -0.975660 [1.36062E-08 |8.89204E-06
401115 C4orfa8 59.906978 73.665168 [47.524607 0.645144 -0.632308 [1.50516E-08 |9.53864E-06
#N/D SH3D20 76.357583 99.886571 55.181493 0.552442 -0.856106 [1.62509E-08 |9.99572E-06
64105 CENPK 263.769115 185.487901 |334.222207 |1.801854 0.849483 [1.95993E-08 |1.17109E-05
389813 C9orf172 44.204997 55.049531 34.444916 0.625708 -0.676439 [2.12993E-08 |1.23731E-05
146439 CCDC64B 56.512991 75.634308  [39.303806 0.519656 -0.944372 [2.67713E-08 |1.51316E-05
55194 FAM176B 80.058148 103.893588 |58.606251 0.564099 -0.825980 [2.8702E-08 |1.57959E-05
2812 GP1BB 455.557098 600.593229 [325.024581 ]0.541173 -0.885839 [4.06221E-08 |2.17828E-05
56163 RNF17 3.873280 6.039121 1.924023 0.318593 -1.650213 [4.17216E-08 |2.18131E-05
51375 SNX7 4.482696 6.289891 2.856221 0.454097 -1.138928 [5.41432E-08 |2.7617E-05

171484 FAMOC 4.072980 6.203126 2.155848 0.347542 -1.524740 [7.32818E-08 |3.64891E-05
2850 GPR27 111.188114 150.714810 |75.614088 0.501703 -0.995094 [7.80255E-08 |3.70852E-05
100500847 |MIR3615 49.281767 61.032256  [38.706327 0.634195 -0.657002 [7.68651E-08 |3.70852E-05
4070 TACSTD2 26.455666 33.859943 19.791817 0.584520 -0.774675 [1.70679E-07 |7.93203E-05
2899 GRIK3 5.978323 8.586254 3.631186 0.422907 -1.241588 [2.16646E-07 |9.63981E-05
3811 KIR3DL1 93.226172 117.598700 |71.290897 0.606222 -0.722082 [2.14966E-07 |9.63981E-05
6614 SIGLEC1 741.597466 558.415261 |906.461450 [1.623275 0.698907 [2.34659E-07 |0.000102238
2848 GPR25 34.863794 41.927778 |28.506208 0.679888 -0.556630 [2.44785E-07 |0.000102557
266629 SEC14L3 69.795312 56.022441 [82.190896 1.467107 0.552974 [2.45198E-07 |0.000102557
399697 CTXN2 23.513187 32.331522 15.576685 0.481780 -1.053553 [3.20572E-07 |0.000131453
5657 PRTN3 23.700488 29.995986  [18.034540 0.601232 -0.734007 [3.67935E-07 |0.000147974
3437 IFIT3 3314.679672 |2456.412326 [4087.120283 |1.663858 0.734532 [3.90592E-07 |0.000154104
56241 SuUSD2 14.317989 17.159409 11.760710 0.685380 -0.545025 [3.97917E-07 |0.000154104
6557 SLC12A1 1036.958111 [1372.766452|734.730604 [0.535219 -0.901799 [4.23484E-07 |0.000161024
6521 SLC4A1 2646.590174 ]2134.126208 [3107.807744 |1.456244 0.542252 [4.57429E-07 |0.000170825
222553 SLC35F1 13.787400 18.449576  |9.591441 0.519873 -0.943768 [4.84007E-07 |0.00017758
22986 SORCS3 29.783529 23.890663 [35.087108 1.468654 0.554494 [5.32349E-07 |0.000191949
765 CA6 274.614630 215.039196 [328.232522 |1.526385 0.610119 [1.02502E-06 |0.000363326
284207 METRNL 519.056148 672.387687 [381.057762 |0.566723 -0.819284 [1.05263E-06 |0.000366894
6285 S100B 102.721023 126.108870 |81.671960 0.647631 -0.626757 [1.10416E-06 |0.000378547
3090 HIC1 49.404848 66.191915 [34.296488 0.518137 -0.948594 [1.13508E-06 |0.000382871
64478 CSMD1 23.768552 18.266715 |28.720206 1.572270 0.652849 [1.15682E-06 |0.000384011
8460 TPST1 153.797938 196.089630 |115.735415 |0.590217 -0.760683 [1.24006E-06 |0.000405208
11274 USP18 81.579680 59.857889 101.129292 |1.689490 0.756588 [1.31044E-06 |0.00042162
55437 STRADB 644.864731 496.213797 |778.650571 [1.569184 0.650014 [1.7176E-06 ]0.000544245
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genelD S;;::I‘:ZI baseMean |baseMeanA| baseMeanB |foldChange Ioz::;LdC pval padj
212 ALAS2 4770.872855 |3841.677686 |5607.148508 [1.459557 0.545531 [1.75894E-06 |0.000549025
2038 EPB42 426.724352 350.141173 [495.649213 |1.415570 0.501383 [2.01147E-06 |0.000618616
10468 FST 2.452094 3.969268 1.086638 0.273763 -1.869001 [2.40965E-06 |0.000730333
8991 SELENBP1 572.263913 464.648873 1669.117449 [1.440050 0.526119 [2.49097E-06 |0.000733713
79776 ZFHX4 2.519362 3.652107 1.499891 0.410692 -1.283872 [2.4573E-06 _ |0.000733713
65990 FAM173A 107.831672 131.750824 |86.304435 0.655058 -0.610305 [2.70923E-06 |0.000786129
112703 FAM71E1 46.116139 58.541067 |34.933704 0.596738 -0.744829 [2.7441E-06 |0.000786129
5990 RFX2 499.317912 642.283741 [370.648665 |0.577079 -0.793158 [2.89908E-06 |0.000819305
730152 GSTA7P 0.747582 1.416990 0.145115 0.102411 -3.287562 [3.1889E-06 |0.000889192
1052 CEBPD 1668.282048 [2137.440507 |1246.039436 [0.582959 -0.778535 [3.41549E-06 |0.000939843
548594 KIR3DP1 73.452433 89.933800  [58.619202 0.651804 -0.617490 [3.55978E-06 |0.000966827
3848 KRT1 293.352563 231.622022 [348.910050 |1.506377 0.591083 [3.90506E-06 |0.001022088
4854 NOTCH3 17.301117 23.102207 [12.080135 0.522900 -0.935394 [3.90987E-06 |0.001022088
5909 RAP1GAP 42.718989 31.810777 [52.536380 1.651528 0.723801 [3.85031E-06 |0.001022088
2069 EREG 35.135187 45.313069  |25.975093 0.573236 -0.802798 [4.27929E-06 |0.001104849
10501 SEMA6B 44.129218 63.864927  [26.367080 0.412857 -1.276286 [4.38926E-06 |0.001119422
9022 CLIC3 172.779797 210.700445 [138.651213 ]0.658049 -0.603733 [5.259E-06 0.001325078
1051 CEBPB 2172.036846 |2759.691951 [1643.147251 |0.595410 -0.748045 [5.58503E-06 |0.001390473
83656 C8orf12 42.845258 50.262875 [36.169403 0.719605 -0.474723 [5.83713E-06 |0.001436141
2352 FOLR3 271.071413 359.526107 [191.462189 ]0.532540 -0.909037 [5.94215E-06 |0.001437037
3802 KIR2DL1 35.884463 43.633659  |28.910187 0.662566 -0.593864 [5.97821E-06 |0.001437037
126003 TRAPPCS 592.700663 742.447694 [457.928334 10.616782 -0.697168 [7.18992E-06 |0.001708668
100423062 |IGLLS 1241.859855 [1496.678287|1012.523266 [0.676514 -0.563809 [7.79104E-06 |0.001807324
3766 KCNJ10 7.893270 5.127188 10.382743 2.025037 1.017948 |7.86432E-06 |0.001807324
56666 PANX2 438.955406 587.974394 |304.838317 [0.518455 -0.947709 [7.7597E-06 0.001807324
2161 F12 31.640038 40.471031 23.692144 0.585410 -0.772481 [7.95654E-06 |0.001808644
116835 HSPA12B 7.319957 8.425416 6.325044 0.750710 -0.413672 [8.64009E-06 |0.001942906
#N/D C9orf140 31.163448 38.403265 [24.647612 0.641810 -0.639781 [8.8386E-06 |0.001948437
23349 KIAA1045 21.239073 28.008236  [15.146826 0.540799 -0.886836 [8.94219E-06 |0.001948437
4037 LRP3 119.223571 150.269008 |91.282678 0.607462 -0.719134 [8.9442E-06  |0.001948437
#N/D NCRNA00200|3.459063 2.155659 4.632127 2.148821 1.103546 |9.07751E-06 |0.001957093
5654 HTRA1 27.316698 34.760209 [20.617537 0.593136 -0.753565 [1.02743E-05 ]0.002192518
11326 VSIG4 67.625430 82.392997  [54.334619 0.659457 -0.600650 [1.17398E-05 |0.002479934
56603 CYP26B1 20.337010 24.926296  [16.206652 0.650183 -0.621082 [1.23503E-05 ]0.002532175
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9509 ADAMTS2 23.8633998 [43.5827381 [4.14406151 [0.09508493 |-3.39463952 |1.9322E-45 |3.7708E-41
57126 CD177 125.214203 |182.642966 |67.7854394 [0.37113633 |-1.42997888 |4.1559E-15 ]4.0551E-11
146862 UNC45B 228.318709 [355.590532 [101.046886 [0.28416641 |-1.81519204 |9.3573E-13 |6.0869E-09
10321 CRISP3 115.798684 |67.5920582 |164.005309 |2.4263991 |1.27881687 |4.8714E-09 |2.3766E-05
85495 RPPH1 26.0470251 [39.6458922 [12.4481581 [0.31398355 |-1.67123911 |3.214E-07 0.00125443
249 ALPL 4431.74611 |5880.32097 |2983.17125 |0.50731436 [-0.97904811 [1.4913E-06 |0.00344926
4317 MMP8 183.666354 |123.534818 |243.79789 |1.9735156 |0.98076792 |1.8018E-06 [0.00344926
4973 OLR1 33.1319214 [20.8596342 [45.4042086 [2.17665412 |1.12211217 |1.4058E-06 |0.00344926
10562 OLFM4 137.50003 |93.0789384 |181.921122 |1.95448213 |0.96678639 |1.9442E-06 [0.00344926
1088 CEACAMS 187.212884 |127.349844 |247.075924 |1.94013527 ]0.95615724 |1.5981E-06 [0.00344926
154664 ABCA13 92.1790157 |61.8853678 |122.472664 |1.97902457 [0.98478952 [1.3657E-06 |0.00344926
5990 RFX2 520.355823 [681.16962 [359.542026 [0.52783039 |-0.92185368 |7.0039E-06 ]0.01051397
4057 LTF 1632.34997 |1170.32361 |2094.37632 |1.78957026 ]0.83961318 |6.5125E-06 [0.01051397
2852 GPER1 28.3369356 [36.7709215 [19.9029497 [0.54126872 |-0.88558307 |1.0099E-05 ]0.01407669
79937 CNTNAP3 195.227907 |249.033421 |141.422394 |0.5678852 |-0.81632878 |1.6829E-05 [0.02189388
954 ENTPD2 29.04178 36.5123712 [21.5711888 [0.59079123 |-0.75927968 |2.5164E-05 ]0.03069279
387755 INSC 31.7387972 [41.6047807 [21.8728136 [0.52572837 |-0.9276105 |3.8283E-05 |0.04394647
1991 ELANE 76.6833597 [91.053017 [62.3137025 [0.68436725 |-0.54715738 |5.9052E-05 ]0.06402204
389813 C9orf172 63.3846919 [77.315243 [49.4541408 [0.63964283 |-0.64466155 |9.0179E-05 ]0.09262339
3625 INHBB 16.1028163 |21.4796452 |10.7259874 |0.49935589 |-1.0018597 [0.00014204 [0.13621689
7180 CRISP2 2.58667534 [1.09607432 [4.07727636 [3.71989042 |1.89526012 |0.00014658 |0.13621689
3848 KRT1 210.908544 [165.251102 [256.565986 [1.5525826 |0.63467003 |0.00020037 |0.17000946
285696 AC091878.1 |60.0669474 |75.0119349 |45.1219599 |0.60153041 [-0.73329042 [0.00019487 [0.17000946
25775 C220rf24 154.570123 ]194.726421 [114.413824 [0.58756189 |-0.76718727 |0.00021003 |0.17078147
3934 LCN2 370.412837 [285.536593 [455.28908 [1.59450344 |0.67310721 |0.00022267 |0.17381696
389792 IERSL 101.576133 |126.697917 |76.4543477 |0.60343808 |-0.72872236 |0.0003056 |0.22937299
8120 AP3B2 20.2059925 [25.8766688 [14.5353161 |0.56171512 |-0.83208946 |0.00041963 ]0.2669202
5657 PRTN3 32.3901001 [38.120854 [26.6593463 |0.69933759 |-0.51593904 |0.00046237 ]0.2669202
199675 C190rf59 418.288918 |515.723317 |320.854519 |0.62214468 [-0.68467797 [0.00046504 [0.2669202
4680 CEACAM6 141.107548 |106.264272 |175.950824 |1.65578534 |0.72751565 |0.00038084 [0.2669202
83999 KREMEN1 698.705581 [859.837907 [537.573254 |0.62520302 |-0.67760336 |0.00042501 ]0.2669202
2172 FABP6 78.7903286 [98.8146349 [58.7660223 |0.5947097 |-0.74974248 10.00041365 ]0.2669202
10842 PPP1R17 6.97056195 [8.95676199 [4.98436191 |0.5564915 |-0.84556845 |0.00044593 ]0.2669202
212 ALAS2 4171.91918 |3378.20145 |4965.63692 |1.46990551 [0.55572342 [0.00041266 [0.2669202
65990 FAM173A 139.144942 |170.96511 |107.324774 |0.62775834 |-0.6717188 |0.00050991 [0.26894367
79623 GALNT14 70.2697348 [84.6043458 [55.9351237 [0.66113771 |-0.59697728 |0.00050902 |0.26894367
554226 ANKRD30BL |5.98277107 |9.23809637 |2.72744577 ]0.29523894 [-1.76004508 [0.00050877 [0.26894367
131540 ZDHHC19 62.1731299 [76.6546163 [47.6916435 [0.62216271 |-0.68463618 |0.00060146 |0.30888182
5654 HTRA1 29.0901674 [36.3559096 [21.8244253 [0.60029925 |-0.73624622 |0.00075618 |0.37837951
11007 CCDC85B  |446.035191 [531.689649 [360.380733 [0.6778028 |-0.5610625 |0.00091942 ]0.43953719
1675 CFD 1920.56635 |2290.19601 |1550.93668 |0.67720696 |-0.56233129 |0.00092344 [0.43953719
25790 CCDC19 92.536496 |116.299622 |68.7733698 |0.59134646 [-0.75792447 [0.00094761 |0.44029874
55301 OLAH 6.5652293 [8.12671964 [5.00373896 [0.61571448 |-0.6996666 |0.0010178 ]0.46191584
283692 RP11-752G1517.3727069 [21.9906507 [12.754763 |0.58000844 |-0.7858542 |0.00108605 [0.48168932
165530 CLEC4F 34.5274924 [41.402309 [27.6526759 [0.66790178 |-0.58229213)0.00117412 ]0.50917517
55194 EVA1B 111.197559 ]134.522134 [87.8729848 [0.65322324 |-0.61435197 |10.00125516 ]0.51029906
2826 CCR10 23.7737706 [28.938547 [18.6089943 [0.64305213 |-0.6369924 |0.00123591 ]0.51029906
6948 TCN2 136.228865 |162.895748 |109.561982 |0.67258958 |-0.57220168 |0.00122068 [0.51029906
6768 ST14 636.627845 [770.341036 [502.914654 [0.65284677 |-0.61518369 |0.0013781 0.53787181
60675 PROK2 2208.63282 [2584.44468 [1832.82097 |0.709174 -0.49578846 [0.00135066 [0.53787181
306 ANXA3 622.558781 [735.632189 [509.485372 [0.69258167 |-0.52994388 |0.00144447 ]0.552723

10461 MERTK 108.002303 |127.493851 |88.5107545 |0.69423547 |-0.52650301 |0.00151342 [0.56796852
5493 PPL 135.17282 |165.722681 |104.622959 |0.63131346 |-0.66357159 |0.00160804 [0.59209236
3249 HPN 5.84741561 [7.89193517 [3.80289605 [0.48187117 |-1.0532806 |0.00166642 |0.60222717
6521 SLC4A1 2212.55151 [1832.14597 [2592.95704 [1.4152568 |0.50106385 |0.00182132 ]0.61281238
6234 RPS28 90.5153964 |100.158649 |80.8721434 |0.80744043 [-0.30857226 [0.00180754 |0.61281238
101929768 |CTD-2127H9./1.90027367 [1.28367974 [2.5168676 [1.9606663 |0.97134401 |0.00176589 |0.61281238
90249 UNC5A 31.8374377 [40.6771772 [22.9976983 [0.56537105 |-0.82273008 |0.0017856 0.61281238
89958 SAPCD2 34.5784916 [40.1570633 [28.9999199 [0.72216237 |-0.46960485 |0.00209563 |0.69315574
133 ADM 382.260851 [465.210699 [299.311003 [0.64338805 |-0.63623896 |0.00213874 |0.69562517
1258 CNGB1 15.820273 |19.6290501 |12.0114958 |0.61192445 |-0.70857454 |0.00227366 [0.72738435
4282 MIF 953.411705 ]1116.11504 [790.708367 |0.70844701 |-0.49726814 10.00241432 ]0.75992555
6037 RNASE3 64.4890359 [52.8888079 [76.0892638 [1.43866475 |0.52473045 |0.00253793 ]0.78026713
100652740 |C160rf98 600.57391 [713.944414 [487.203407 [0.68241084 |-0.55128753)0.00255891 |0.78026713
25893 TRIM58 1547.66628 |1328.46688 |1766.86568 |1.33000356 |0.41143011 |0.00293195 [0.85553843
2735 GLI1 326.667436 [401.156165 [252.178708 [0.62862977 |-0.6697175 |0.00293728 |0.85553843
126003 TRAPPCS 743.257067 [902.881061 [583.633073 [0.64641191 |-0.62947431 |0.00285439 |0.85553843
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374454 KRT77 1.40356996 |0.67078025 |2.13635967 |3.18488755 |1.67124244 |0.00302245 [0.86739795
932 MS4A3 196.874214 |155.851151 |237.897278 |1.52643902 |0.61016996 |0.00314315 [0.86885528
26153 KIF26A 16.9051087 |19.4103811 |14.3998363 |0.74186263 |-0.43077603 |0.00307355 [0.86885528
51208 CLDN18 5.61762669 [3.75171251 [7.48354087 [1.99469998 |0.99617177 |0.00316109 |0.86885528
112464 PRKCDBP 9.49303397 |11.6320097 |7.35405823 |0.63222594 [-0.66148788 [0.00339957 |0.89138534
388564 TMEM238 91.2333212 |108.105427 |74.3612151 |0.6878583 [-0.53981671 [0.00340357 |0.89138534
1051 CEBPB 2698.91643 [3253.62066 [2144.21219 [0.65902341 |-0.60159837 |0.00342577 |0.89138534
728637 LOC728637 |11.5487481 |13.4242287 |9.67326744 ]0.72058273 [-0.47276401 [0.00337335 |0.89138534
5304 PIP 3.3981026 4.6816574 2.11454781 |0.4516665 -1.14667018 |0.00355621 ]0.91315153
8991 SELENBP1 472.421 406.041892 |538.800108 |1.32695694 |0.40812156 |0.00395743 [0.91693922
55701 ARHGEF40 [1700.91266 [2025.07833 [1376.747 0.67984876 [-0.55671426 [0.00402461 |0.91693922
2038 EPB42 355.878587 [307.682652 [404.074521 [1.31328341 |0.39317828 |0.00396543 0.91693922
146439 CCDC64B 54.8915246 [65.9722014 [43.8108479 [0.66408043 |-0.59057011 |0.00370157 |0.91693922
55437 STRADB 478.619398 |385.302151 |571.936645 |1.48438477 [0.5698651 [0.00405697 |0.91693922
284889 LOC284889 |991.399674 |1154.97127 |827.828075 |0.71675209 [-0.48045389 [0.00381341 [0.91693922
2850 GPR27 148.5482 181.333534 |115.762866 |0.63839745 |-0.6474732 [0.00381004 [0.91693922
604 BCL6 9343.4998 111103.9902 |7583.00944 |0.68290852 [-0.55023577 [0.0041348 ]0.91693922
731424 RP11-701P16[117.419044 |138.092394 [96.7456929 |0.70058669 |-0.51336452 |0.0037614 [0.91693922
339975 RP11-138B4.]11.0282549 |9.69427613 [12.3622337 |1.27520957 ]0.35073436 |0.00389893 [0.91693922
101929639 |RP11-326F20]125.568055 [148.307303 [102.828806 [0.69334958 |-0.52834517 |0.00410575 |0.91693922
11326 VSIG4 60.1352312 [69.385745 [50.8847174 [0.73335982 |-0.44740687 |0.00400501 ]0.91693922
2848 GPR25 53.6297004 [62.735161 [44.5242398 [0.70971747 |-0.49468327 |0.00440109 |0.92991042
150147 C210rf128 [8.36237019 [10.22945 6.49529041 [0.63495989 |-0.65526264 |0.00432756 |0.92991042
9609 RAB36 121.968536 |145.470238 |98.4668342 |0.67688646 |-0.56301424 |0.00438993 [0.92991042
2180 ACSL1 12238.8882 |14255.602 |10222.1743 |0.71706367 |-0.47982687 |0.00435337 [0.92991042
10409 BASP1 3541.67911 [4230.7871 [2852.57111 [0.67424123 |-0.56866324 |0.00443155 10.92991042
2999 GZMH 1135.69789 |984.711688 |1286.6841 |1.30666073 |0.3858846 |0.00457603 [0.93070776
8632 DNAH17 905.988781 |1085.98613 |725.991437 |0.66850894 [-0.58098123 [0.00457842 |0.93070776
84634 KISS1R 17.8459605 |22.0552333 |13.6366878 |0.61829715 |-0.69362775 |0.0045763 [0.93070776
55049 C190rf60 493.646752 |589.879997 |397.413507 |0.67371925 [-0.56978058 [0.0046922 |0.93471505
54958 TMEM160 141.893354 |167.899404 |115.887304 |0.69021868 |-0.53487458 |0.00469393 [0.93471505
100128071 |FAM229A 36.2089873 [44.6397456 [27.7782291 [0.6222757 |-0.68437418 |0.00480545 0.94656441
100423062 |IGLLS 1021.23335 |1234.18027 |808.286439 |0.65491765 |-0.61061459 |0.00494745 [0.94656441
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Animal models of schizophrenia constitute at this moment funda-
mental experimentation tools to further explore on the etiological
basis of this pathology, leading to the discovery of new biological targets
and innovative therapeutic strategies for its treatment. Any improve-
ment in the translation and validation of biological data between pre-
clinical and clinical models will therefore represent a substantial ad-
vance in the research of this mental disease. Recent data from our
group obtained by next-generation sequencing from blood tran-
scriptome samples identified, among 22,278 genes analyzed, differen-
tial expression of 200 genes in schizophrenia patients related to
biological processes associated with immunological responses (Sainz
et al,, 2013). Further investigations conducted by the same experimen-
tal approach and focused on 6 particular genes selected from those 200
previously detected, i.e., ADAMTS2, CD177, CNTNAP3, ENTPD2, RFX2 and
UNC45B, revealed an overexpression of these particular genes in drug-
naive patients that was reverted to the control expression levels after
antipsychotic treatment (Crespo-Facorro et al., 2014). Pre-clinical
models of schizophrenia present important limitations due to the com-
plexity of emulating and/or translating a human mental disease into a
particular animal phenotype. We have extensively characterized a neu-
rochemical alteration as a possible molecular explanation for some of
the symptoms associated with schizophrenia. This consists in the dys-
regulation of the elements that constitute the heteroreceptor complex
formed by 5-HT,s serotonin and mGlu2 glutamate receptors
(Gonzalez-Maeso et al., 2008). Particularly, the up-regulation of 5-
HT,4 accompanied by the down-regulation of mGlu2 receptors results
in a final signaling balance at the cellular level that predispose mice
to a “psychotic” phenotype according to behavioral experimental
models (Fribourg et al., 2011). This behavioral phenotype resides es-
sentially in an increase in the head-twitch response evoked by hallu-
cinogenic serotonergic agonists accompanied by locomotor
hyperactivity induced by dissociative glutamate antagonists. Addi-
tionally, we have also described in mouse models of both maternal
influenza viral infection (Moreno et al., 2011) and maternal variable
stress during pregnancy (Holloway et al., 2013) that descendants
presented neurochemical and behavioral changes in line with the
dysregulation of the expression level of 5-HT,5-mGlu2 receptor
heteromer causing schizophrenia-like alterations in mice only in
post-pubertal ages. These models of alterations during pregnancy
are useful to explore those hypotheses maintaining that there are en-
vironmental events occurring during pre- or perinatal phases of de-
velopment determinant for the onset of clinical symptoms
(Rapoport et al., 2005). One of the hypothesis supporting this con-
cept proposes that exposure to adverse factors during gestation
such as certain infections, maternal stress, malnutrition or maternal
medical complications would predispose individuals to a latent

http://dx.doi.org/10.1016/j.schres.2017.02.005
0920-9964/© 2017 Elsevier B.V. All rights reserved.

immune vulnerability that will be manifested at puberty or early
adulthood by affecting different processes in the central nervous system
(Kinney et al., 2010).

In order to preclinically validate our previous data obtained from
blood human samples, we proceeded to evaluate the expression of
the orthologous version of these genes in adult mice born to mothers
submitted to influenza viral infection during gestation. Pregnant CD1
mice were subjected to influenza viral infection according to the pro-
tocol previously described (Moreno et al., 2011) and adult offspring
were assessed for behavioral and neurochemical traits correspond-
ing to schizophrenia-like phenotype, essentially increased head-
twitch response elicited by treatment with the hallucinogenic drug
DOI and changes in the relative 5-HT, and mGlu2 receptor expres-
sion levels detected by ex vivo radioligand binding assays. A group
of eight animals that statistically presented these alterations were
pair matched with control mice. In both experimental groups, we
tested animals originating from at least two different litters. Tissue
samples from mouse frontal cortex were obtained and mRNA was
extracted to conduct subsequent quantitative real-time PCR (qRT-
PCR) experiments as previously described with minor modifications
(Gonzalez-Maeso et al., 2003) (primer sequences are included in
Supplemental material 1). qRT-PCR results demonstrated, first, that
these six genes are expressed in cortical tissue from mouse brain.
Second and more importantly, statistical analysis comparing control
and influenza-infected descendant mice (Fig. 1), performed by
correcting o value as described before (Kurita et al., 2012), revealed
a significant overexpression of at least three of the six total genes
considered in this study, in particular CD177, CNTNAP3 and ENTPD2
(t;4 = 3.85, P = 0.0018; ty4 = 3.31, P = 0.0052; t;4 = 3.19, P =
0.0065 respectively. Significance at P < 0.01). Other two genes such
as ADAMTS2, and RFX2 although not reaching statistical significance
also presented a tendency to be overexpressed when compared
with control values.

In conclusion, these data represent one of the first preclinical
validations of alterations in gene expression previously observed
in clinical samples. This set of genes, whose expression is regulated
in blood samples by exposure to antipsychotic drugs in schizophre-
nia patients and dysregulated in the frontal cortex by prenatal in-
sults in mouse models, might provide new and interesting
information about mechanisms of effective action of antipsy-
chotics. These findings may ultimate lead to the identification of
new therapeutic targets for treatment of schizophrenia and other
neurodevelopemental psychiatric conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.schres.2017.02.005.
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Fig. 1. Expression of ADAMTS2, CD177, CNTNAP3, ENTPD2, RFX2 and UNC45B genes in
frontal cortex of adult mice born to influenza virus-infected mothers (filled bars) and
controls (opened bars) determined by qRT-PCR assays (n = 8 animals per group). Data
are mean + SEM (**p < 0.01). Student's t-test.
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ABSTRACT

Background: During last years, there has been an intensive search for blood biomarkers in schizophrenia to assist in diagnosis, prognosis and clinical management of
the disease.

Methods: In this study, we first conducted a weighted gene coexpression network analysis to address differentially expressed genes in peripheral blood from patients
with chronic schizophrenia (n = 30) and healthy controls (n = 15). The discriminating performance of the candidate genes was further tested in an independent
cohort of patients with first-episode schizophrenia (n = 124) and healthy controls (n = 54), and in postmortem brain samples (cingulate and prefrontal cortices)
from patients with schizophrenia (n = 34) and healthy controls (n = 35).

Results: The expression of the Eukaryotic Translation Initiation Factor 2D (EIF2D) gene, which is involved in protein synthesis regulation, was increased in the chronic
patients of schizophrenia. On the contrary, the expression of the Thymocyte Selection-Associated High Mobility Group Box (TOX) gene, involved in immune function,
was reduced. EIF2D expression was also altered in first-episode schizophrenia patients, but showing reduced levels. Any of the postmortem brain areas studied did not
show differences of expression of both genes.

Conclusions: EIF2D and TOX are putative blood markers of chronic patients of schizophrenia, which expression change from the onset to the chronic disease,
unraveling new biological pathways that can be used for the development of new intervention strategies in the diagnosis and prognosis of schizophrenia disease.

1. Introduction

During recent decades, great efforts have been made to understand
the molecular basis of schizophrenia (SZ). As a result, a growing list of
genetic polymorphisms, rare genetic variants, de novo mutations, epi-
genetic changes and other genomic alterations showing association
with SZ has been provided (Chen et al., 2015; Modai and Shomron,
2016; Bustamante et al., 2017). However, these findings have not been
translated into suitable biomarkers for clinical use because most mar-
kers account for low disease risk and those based on gene expression in
postmortem brain tissues cannot be analyzed since brain biopsies are
not acceptable for clinical evaluation.

Blood is a good source of samples for disease assessment in living
patients because this tissue is easily accessible and is in contact with

tissues and cells throughout the body. Many studies have showed that
alteration of metabolism and cellular functions in the central nervous
system (CNS), as well as disturbances in neurotransmitter and hor-
monal systems are related with altered function and metabolism of
blood cells (Gladkevich et al., 2004; Marques-Deak et al., 2005). This
connection results from a complex network involving the nervous, en-
docrine and immune systems and has been investigated in several
neuropsychiatric disorders. Different studies have compared gene ex-
pression in peripheral blood (PB) and brain to evaluate the usefulness of
PB as a source of biomarkers that mirror the state of disease in the brain
(Glatt et al., 2005; Sullivan et al., 2006; Marazziti et al., 2010). Results
from transcriptomic, proteomic and epigenomic analysis support the
view that some genes, which expression is dysregulated in blood, might
reflect specific changes that characterizes the abnormal biological
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processes in CNS (Tylee et al., 2013; Hess et al., 2016; Wojsiat et al.,
2017; Xu et al., 2018). Therefore, in recent years, there has been an
intensive search for this type of biomarker as a useful and cheaper al-
ternative for SZ (Lai et al., 2016).

Here, we sought to identify gene expression markers in PB that may
be useful as biomarkers of development and disease evolution in SZ. We
first performed an expression microarray analysis in blood samples
from male SZ patients with several years of illness duration for com-
parison to controls. To prioritize biomarkers, a systems biology ap-
proach was used based on weighted gene coexpression network analysis
(WGCNA), and the discriminating performance of candidate genes was
further tested in an independent cohort of patients with first-episode
SZ.

2. Methods
2.1. Peripheral sample cohorts

Thirty unrelated male patients with SZ were recruited at the
Psychiatric Out-patient Unit of the Clinic Hospital of Valencia
University, Spain (cohort 1). The control group (CNT) consisted of 15
age-matched healthy males without a history of drug abuse or familial
background of mental disorders. A second sample of 124 patients with
first-episode SZ (62 males) and 54 healthy controls (30 males) were
recruited from the University Hospital Marqués de Valdecilla in
Santander, Spain (cohort 2). Detailed description of these cohorts is
shown in the supplementary material and supplementary Table 1. This
study was performed according to the guidelines of each institution
involved and was approved by the Local Ethics Committee of each
participating center.

2.2. Postmortem sample

Frozen RNA from the postmortem frontal cortex and cingulate
cortex was obtained from the Stanley Medical Research Institute Array
Collection (http://www.stanleyresearch.org/brain-research/array-
collection). Postmortem brain samples were from donor subjects with
SZ (n = 35) and controls with no history of psychosis (n = 34). The
distributions of age and gender in the two groups remained similar. The
tissue characteristics of this sample are detailed in Supplementary
Table 2.

2.3. Expression microarray analysis

PB of subjects from cohort 1 was collected in RNA-stabilizing
PAXgene tubes (Qiagen, Izasa, Spain). Total RNA was extracted from
the obtained cells using the PAXgene blood RNA Kit (Qiagen, Izasa,
Spain) according to the manufacturer’s protocol (supplementary
Table 1). Gene expression analysis was performed using the GeneChip
Human Gene 2.0 ST Array (Affymetrix, Santa Clara, CA, USA) covering
more than 750,000 unique 25-mer oligonucleotide features constituting
over 40,000 RefSeq transcripts. Hybridization experiments and micro-
array data generation were conducted in the Central Unit for Research
in Medicine Faculty-INCLIVA, University of Valencia (Spain). A gene
expression profile was obtained for each subject in cohort 1.

2.4. Gene coexpression network analysis

WGCNA package in R (Langfelder and Horvath, 2008) was used to
calculate the coexpression network from the reduced gene set (24618
probes). We initially identified the value that transformed the data into
an approximate scale-free topology. Next, we used Pearson’s correlation
coefficient, a minimum module size of 30 genes and a minimum height
value of 0.25 to merge modules (groups of highly correlated genes). For
the functional annotation of the network modules associated with the
different traits, we used the Database for Annotation, Visualization and
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Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/home.
jsp). We considered only those results with a false discovery rate of
0.05 to be significantly enriched. DAVID analysis results were visua-
lized using the EnrichmentMap 2.0.1 (Merico et al., 2010) plugin for
Cytoscape 3.3.0 (http://cytoscape.org). For detailed description see
supplementary material.

2.5. Reverse transcription quantitative PCR (RT-qPCR)

Total RNA of subjects from cohort 1 was converted into cDNA with
Expand Reverse Transcriptase and hexanucleotide mix (Roche Applied
Science, Indianapolis, USA), following the experimental conditions as
previously described (Gilabert-Juan et al., 2015).

Amplification was conducted with an ABI PRISM 7700 Sequence
Detector (Applied Biosystems) as previously described (16), using 5X
HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia) and
gene-specific primers (Supplementary Table 3).

2.6. RNA sequencing (RNA-seq)

Total RNA was extracted from the PB of individuals from cohort 2.
mRNA was isolated from the total RNA and was fragmented once
transformed into cDNA. Fragments of 300 bp on average were selected
to construct the libraries for sequencing. Pair-end sequences of 70 nu-
cleotides for each end were produced. Then it was sequenced using
Mlumina HiSeq instruments (San Diego, CA, USA).

RT-qPCR and RNA-seq analyses are further described in the sup-
plementary material.

2.7. Statistical analyses

Demographic, clinical and tissue features of cohorts were compared
using ANOVA and t-test. Statistical significance was indicated at
p < 0.05. To identify potential blood biomarkers for SZ contributing to
the differentiation between control individuals and patients, a binary
logistic regression was carried out with the gene expression data. A
significance test of the Wald statistic was conducted to investigate
genes whose expression is significantly associated in the final equation
(p < 0.05). All statistical analyses were performed using SPSS v14.0
software (SPSS, Chicago, IL).

3. Results
3.1. Gene expression array analysis

Whole transcriptome analysis in PB samples of cohort 1 was per-
formed to identify potential biomarkers in SZ. We focused on male
subjects to minimize sex differences in gene expression. We identified
10 modules of correlated genes (genes with similar expression at-
tending to the different groups studied and variables of the sample),
each one of them was coded with an arbitrary color, and an eleventh
gray module containing the genes that were not part of any particular
module. The functional annotation of each module is shown in
Supplementary Table 4.

The main purpose of the analysis was to identify genes whose ex-
pression was associated with the clinical condition (CNT versus SZ). We
specified a significance threshold of p-value <0.05 for the correlation
between connected-gene modules and traits. According to this
threshold, four modules (turquoise, purple, yellow and blue) sig-
nificantly correlated with the clinical condition (Fig. 1), which means
that there are differences in gene expression levels among CNT versus
SZ. In addition, two modules (magenta and blue) were correlated with
the patient condition, which accounts for differences in gene expression
levels between SZ patients with and without auditory hallucinations.
Three modules (turquoise, purple and yellow) were associated with
medication (supplementary Table 5); two modules (black and pink)
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Fig. 1. Relationship between the different traits analyzed (RNA purity measured as A260/A280 and A260/230; Clinical condition; Patient condition; Age;
Medication; Chlorpromazine equivalent) and gene modules using the WGCNA approach. Gene modules are designated by different colors on the left, color scheme on
the right (blue-red) denotes the correlation (—1 to 1) between module and trait, and the p-value of the correlation in each interaction is indicated in brackets. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

correlated with RNA purity and one module (black) with the subject’
age. Importantly, we did not identify any highly connected gene
module specifically related to chlorpromazine dosage under the
thresholds applied (Fig. 1).

3.2. Selection of candidate genes as potential blood biomarkers in
schizophrenia

We selected modules that were significantly correlated with the
clinical or the patient conditions (with a cutoff value of p < 0.02 at
least in one of these conditions) but that showed no correlation with the
other traits analyzed. Gene expression in the blue module (Fig. 1) is
associated with the clinical condition (p = 0.02) and patient condition
(p = 0.03). Purple and turquoise modules showed correlations with the
clinical condition (p = 0.02 and 0.01, respectively). In these two
modules, medication might have an effect on the expression of the in-
cluded genes (p = 0.03 and p = 0.01, respectively). No significant ef-
fect was observed for the remaining confounding factors. Finally, the
magenta module is associated with the patient condition (p = 0.02).

Next, we chose genes from the selected modules (Supplementary
Figs. 1-4), whose expression differed in the clinical or patient condition

traits with high statistical significance (p < 0.001 in the blue and
turquoise modules because they included a high number of genes;
p < 0.01 for purple and magenta modules, with fewer genes). A total
of 14 genes were selected; CPQ, MSL1, NRD1, SRPK1, CMTM5, APO-
BEC3G, NKG7, SLAMF6, TOX, C120rf73, EIF2D, RNPS1, KPL29P2 and
SIGIRR (supplementary Table 6). These genes are involved in different
biochemical pathways, including proteolysis, chromatin organization
and RNA splicing (turquoise module); chemotaxis (magenta module);
cytidine deamination, inflammatory process, protein binding, regula-
tion of immune response and DNA regulation (purple module); and
gene expression, translation initiation, signal transduction and un-
known functions (blue module). Expression of these genes was mea-
sured by RT-qPCR and compared between the control group and the SZ
patients in cohort 1 (Supplementary Fig. 5). We found differences in
two of them. The expression of the Eukaryotic Translation Initiation
Factor 2D (EIF2D) gene was increased in SZ patients versus controls (fold
change = 2.05, p = 0.008, Fig. 2A). On the contrary, the expression of
the Thymocyte Selection-Associated High Mobility Group Box (TOX) gene
was reduced in the SZ group (fold change = 0.6, p = 0.017, Fig. 2A).
Next, we studied the expression of both genes in prefrontal and
cingulated post-mortem brain regions, which have been largely
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Fig. 2. A) Boxplots representing the quartiles of the relative gene expression values for the EIF2D and TOX in cohort 1; controls (CNT) are compared with schi-
zophrenia patients (SZ). * p < 0.05. B) Boxplots in cohort 2, CNT are compared with the SZ patients at the onset of the disease (SZ 0), after 3 months (SZ 3 M) and

1 year of disease onset (SZ 1Y), *** p < 0.001.

associated with SZ symptoms, and no significant changes were observed
(Supplementary Fig. 6).

3.3. Predictive model equation

Using binary logistic regression, we obtained a predictive equation
in which EIF2D and TOX gene expression could differentiate the SZ
patients versus controls in cohort 1. The final equation model is
—0.106 + [2.957 x EIF2D] + [—4.198 x TOX], where EIF2D and
TOX respectively indicate the expression levels of these genes. Applying
this equation to subjects in cohort 1, SZ patients were distinguished
from healthy controls with 86.5% accuracy, with 0.5 as a cutoff value
(Supplementary Table 7).

3.4. Gene expression biomarkers in a new cohort

We assessed the predictive value of the 14 selected genes by mea-
suring their expression in a new cohort (cohort 2). Gene expression was
analyzed with RNA-seq data at disease onset (0), after 3 months (3 M)
and after 1year (1Y) of disease onset. In this case, we also found sig-
nificant differences in EIF2D expression between controls and patients,
but EIF2D mRNA levels were lower in patients than controls, contrary
to what we observed in cohort 1. This reduction was found at the 3 time
points tested (fold change at disease onset = 0.88; after
3 months = 0.87; after 1 year = 0.87,p < 0.0001 in all cases (Fig. 2B).
TOX expression was reduced in the SZ patients as in cohort 1, although
this change showed a trend at time point O and was not significant at
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3M or 1Y (Fig. 2B).

Next, we investigated a new predictive model equation using the
expression data of the 14 selected genes in the cohort 2. We again found
that EIF2D is included in a predictive model at each of 3 time points, but
not TOX (Supplementary Table 8). Nevertheless, the predictive values
of EIF2D expression in cohort 2 were found to be in opposite directions
relative to those in cohort 1.

3.5. EIF2D changes with disease duration

We found that EIF2D expression increased in SZ patients in cohort 1
but decreased in SZ patients in cohort 2 regarding to the corresponding
controls. Cohort 1 includes men with chronic SZ, while cohort 2 is
composed of first-episode patients of both sexes evaluated over 1 year
from the disease onset (Supplementary Table 1). To examine the po-
tential effect of sex on EIF2D expression, we compared EIF2D mRNA
levels only in men from cohort 2. We found a result similar to that
described before for all samples, including men and women. Next, we
compared EIF2D expression with respect to disease duration in SZ pa-
tients in cohort 1 and observed a positive correlation trend between
EIF2D mRNA levels and years of disease (p = 0.0794; r = 0.35)
(Fig. 3A). Then, we grouped the SZ patients into those with a disease
duration of less (n = 17) and more (n = 9) than 10 years. When com-
paring the EIF2D expression between both subgroups of SZ patients, we
found a trend of an increase in the expression levels of EIF2D
(p = 0.0634) in patients suffering from the disease more than 10 years
compared with the SZ patients from the other subgroup (Fig. 3B).
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Fig. 3. EIF2D expression with disease duration in SZ patients in cohort 1. A)
Correlation between EIF2D mRNA level and the years of the disease in the SZ
patients in cohort 1. B) Differences in EIF2D expression in SZ patients with more
than 10 years of the disease compared with SZ patients with more than 10 years
of the disease.

4. Discussion

The identification of PB biomarkers for SZ risk assessment has be-
come a new and promising area of translational investigation in psy-
chiatry. Our results revealed that the expression levels of EIF2D and
TOX could discriminate between SZ patients and controls with 86.5%
accuracy in the cohort 1.

EIF2D encodes a factor involved in a noncanonical translation in-
itiation mechanism of protein synthesis that is believed to operate
mainly in cells under stress (Dmitriev et al., 2010). The expression of
the yeast orthologue gene rises under some stresses; such as anoxia,
oxidative stress and accumulation of unfolded proteins in the en-
doplasmic reticulum. In these situations, the activity of eIF2, which
participates in the canonical eukaryotic translation initiation pathway,
is suppressed (Dmitriev et al., 2010). In mammalian cells, eIF2 function
is also blocked by different stress conditions (Wek et al., 2006). Our
results of a two-fold increase in EIF2D mRNA levels in SZ patients re-
lative to the levels in controls suggest the presence of cellular stressors
in SZ patients. A growing body of data supports the implication of
oxidative and endoplasmic reticulum stress in SZ (reviewed in (Patel
et al., 2017)). Most studies analyzing markers of oxidative status, such
as glutathione, in blood and in neural tissues point out oxidative im-
balance in this disease (Gawryluk et al., 2011; Flatow et al., 2013).

On the other hand, EIF2D has been involved in translation control of
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cellular mRNAs having short regulatory upstream open reading frames
in the 5’'UTR (Schleich et al., 2014; Weisser et al., 2017). A large
number of mammalian proteins are regulated by this mechanism, in-
cluding many proteins needed for cell growth and proliferation
(Schleich et al., 2014). Other noncanonical initiation factors, DENR
(density regulated protein) and MCT-1 (product of malignant T cell-
amplified sequence 1 oncogene), also promote the translation reinitia-
tion process through the DENR-MCTS1 complex (Schleich et al., 2014;
Weisser et al., 2017). Interestingly, missense mutations in DENR have
been reported in unrelated patients with autism spectrum disorder
(Haas et al., 2016). These results highlight the importance of proper
mRNA translation reinitiation processes for brain development. We can
speculate that higher EIF2D doses above its physiological level could
also interfere with the translation reinitiation mechanism. In this line,
increasing the levels of eIF4E in mice resulted in exaggerated cap-de-
pendent translation and autistic-like behaviors (Santini et al., 2013).
Finally, EIF2D is located on 1q32.1, a chromosomal locus in which
several studies have reported genetic linkage with SZ (Jang et al., 2007;
Ryu et al., 2013).

TOX is an evolutionarily conserved member of the HMG-box family
of transcription factors that has been studied mainly in the immune
system and hematopoiesis (Aliahmad et al., 2010; Yun et al., 2011).
TOX is necessary for the development of some cells of the adaptive and
innate immune systems including CD4* T cells, natural killer cells and
lymphoid tissue inducer cells (Aliahmad et al., 2012; Seehus and Kaye,
2015). Interestingly, a high number of studies related dysregulation of
immune and inflammatory function with SZ (Lai et al., 2016; Schiavone
and Trabace, 2017). Remarkably, inflammation is closely inter-
connected with oxidative stress, being both a cause and a consequence,
and vice versa (Barron et al., 2017). In addition, Tox expression in the
mouse thymus is calcineurin dependent (Aliahmad et al., 2004); and
the calcineurin pathway has been proposed to be implicated in the
pathogenesis of SZ (Wada et al., 2017). In neural tissues, Tox functions
as an important regulator of neural stem cell proliferation and den-
dritogenesis, and its expression in the brain is also controlled by cal-
cineurin (Artegiani et al., 2015). However, the changes in expression of
EIF2D and TOX that we found in PB were not observed in the prefrontal
and cingulated regions analyzed when comparing SZ patients with
controls (Supplementary Fig. 6), but these genes might be dysregulated
in specific cell types and/or other different brain areas. In line, re-
gionally specific changes in gene expression in SZ have been found in
postmortem brain tissue samples (Scarr et al., 2018).

To further assess the predictive value of the 14 selected genes for SZ
risks, we analyzed their expression in a second independent cohort of
patients and controls. This sample comprised first-episode SZ patients
and then, its comparison with the chronic SZ subjects from cohort 1
could also reveal potential PB biomarkers dependent on the disease
evolution. In cohort 2, TOX expression was also reduced with respect to
controls, but it was not significant. In this cohort, we also found sig-
nificantly altered expression of EIF2D between the first-episode SZ pa-
tients and control subjects; however, EIF2D mRNA levels were reduced
in this case. This finding contrasts with the increased EIF2D mRNA le-
vels in the chronic patients of cohort 1. The reduction of EIF2D ex-
pression in patients of cohort 2 was similar in the three time points
tested during the first year of disease duration, suggesting that medi-
cation probably did not affect EIF2D expression. The different results
obtained for this gene in the SZ patients of the cohorts 1 and 2 might be
explained by the disease state. In line with these findings, we observed
a trend toward increased EIF2D expression in patients suffering from
the disease for more than 10 years compared with patients with less
than 10 years of illness. Therefore, the expression level of this gene may
be indicative of redox status in PB revealing higher redox dysregulation
after several years of disease progression. This result agrees with lower
antioxidant response found in SZ patients with longer duration of illness
(Zhang et al., 2012). So, EIF2D expression may show a stage of disease
progression. Future longitudinal studies in the first-episode SZ patients



J. Gilabert-Juan, et al.

are needed to address this question together with molecular approaches
to identify the underlying mechanism.

One of the limitations of our work is the sample size, but it is
comparable to that used in other studies looking for biomarkers in
human tissues (Kurian et al., 2011; Chaumette et al., 2018). Then fur-
ther analysis should be followed up in larger cohorts at different time
points and in different postmortem brain regions to compare the results.
In addition, we cannot exclude the possibility that medication may have
an effect on gene expression levels. It could be, in part, the cause of the
differences found between the two cohorts, since the cohort 1 is com-
posed by long term medicated chronic patients and the cohort 2 is
composed by naive patients. Nevertheless, the significant reduction of
EIF2D expression in cohort 2 was maintained during the first year of the
disease, when the patients are already medicated. Moreover, we tried to
reduce the effect of this variable in the first discrimination point, ex-
cluding the nodes of genes associated with medication. Finally, dif-
ferent approaches have been used to study gene expression (RNA mi-
croarray, RT-qPCR and RNA sequencing), which could result in some
variability in the final results. Nevertheless, all the techniques are
evaluating the differences in gene expression. Also, appropriate controls
were chosen to discard any alteration of the techniques and all methods
have been normalized to minimize such technical deviations. In con-
clusion, we can underline the potential implication of protein synthesis
regulation, oxidative stress and immune processes in the development
and prognosis of SZ, marked by the expression of EIF2D and TOX genes
in our samples. Our results support the use of antioxidants in SZ as an
adjunctive treatment to standard antipsychotic medication.
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Antipsychotic drugs are one of the largest types of prescribed drugs and have large
inter-individual differences in efficacy, but there is no methodology to predict their clinical
effect. Here we show a four-gene blood expression profile to predict the response to
antipsychotics in schizophrenia patients before treatment. We sequenced total mRNA
from blood samples of antipsychotic naive patients who, after 3 months of treatment,
were in the top 40% with the best response (15 patients) and in the bottom 40%
with the worst response (15 patients) according to the Brief Psychiatric Rating Scale
(BPRS). We characterized the transcriptome before treatment of these 30 patients and
found 130 genes with significant differential expression (P.qj value < 0.01) associated
with clinical response. Then, we used Random Forests, an ensemble learning method
for classification and regression, to obtain a list of predictor genes. The expression
of four genes can predict the response to antipsychotic medication with a cross-
validation accuracy estimation of 0.83 and an area under the curve of 0.97 using a
logistic regression. We anticipate that this approach is a gateway to select the specific
antipsychotic that will produce the best response to treatment for each specific patient.

Keywords: psychosis, schizophrenia, gene expression profiling, clinical response, prediction test

INTRODUCTION

Antipsychotic medications are the mainstay of schizophrenia treatment (Insel, 2010). They are
also used for several other clinical conditions (i.e., other psychoses, bipolar disorder, delirium,
depression, personality disorders, dementia and autism; Alexander et al., 2011; Carton et al., 2015;
Roberts et al., 2016) and are therefore one of the most widely used and costly types of drugs having
experienced a significant increase in overall prescription in recent years (Kantor et al., 2015).
Unfortunately, only 55%-60% of first episode patients will have significantly reduced the severity
of their psychopathology with adequate doses of antipsychotic drugs (Crespo-Facorro et al., 2007)
and 30% of patients will fail to respond to two antipsychotics after adequate trials (Meltzer, 1997;
Zhang and Malhotra, 2011; Pouget et al., 2014). Research to find predictors of the response to
antipsychotic treatment is an old field of psychiatry; however, despite decades of research to
find clinical biomarkers, there is not a useful molecular test available to predict the response
to treatment (Prata et al., 2014). In a previous study (Crespo-Facorro et al., 2015), we analyzed
the blood transcriptome of 22 schizophrenia patients before and after medication with atypical
antipsychotics and we found that 17 genes had significantly altered expression after medication
(P value adjusted < 0.05). With the goal of generating an expression profile that could predict
the outcome of treatment, we characterized the transcriptome of a drug-naive (before any dose of
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TABLE 1 | Sociodemographic and clinical characteristics of study individuals.

Characteristics Total Best-Responders Worst-Responders
(n =30) (n=15) (n=15)

Mean SD Mean sb Mean sb
Age at admission (years) 29.6 10.5 29.3 1.7 29.9 9.6
Age at psychosis onset (years) 28.6 10.4 28.7 1.7 28.5 9.4
Duration of untreated psychosis (months) 16.4 23.8 14.9 255 18.0 229
Duration of untreated illness (months) 12.0 17.8 7.9 10.9 16.1 22.3
BPRS at admission 741 16.4 83.5 8.9 64.8 156.0
BPRS at 3 months of treatment 34.6 1.8 29.7 5.2 39.5 14.4

antipsychotic medication was taken) cohort of 37 first episode
schizophrenia patients. Patients were then divided into
two groups according to their response after 3 months of
antipsychotic treatment according to their Brief Psychiatric
Rating Scale (BPRS; Lukoff et al., 1986) total scores: the first
group included the top 40% of patients who had the best
response to treatment (highest absolute decrease of BPRS score)
further referred to as “best-responders”, and the other group
included the bottom 40% of patients with the worst response
(lower absolute decrease of BPRS score) further referred to as
“worst-responders” (Table 1). The transcriptomes at baseline of
both groups were compared using the program Deseq (Anders
and Huber, 2010) to define the genes with significant differential
expression.

MATERIALS AND METHODS
Study Setting and Subjects

The cohort analyzed in this study was obtained from an ongoing
epidemiological and 3-year longitudinal intervention program
of first-episode psychosis (PAFIP) conducted at the outpatient
clinic and the inpatient unit at the University Hospital Marques
de Valdecilla (Cantabria, Spain). Conforming to international
standards for research ethics, this study was approved by the
Cantabria Ethics Institutional Review Board (IRB). Patients
meeting inclusion criteria and their families provided written
informed consent to be included in the PAFIP. The biological
samples of patients included in the study were provided by the
Valdecilla biobank.

All referrals to PAFIP were screened for patients who met
the following criteria: (1) 15-60 years old; (2) living in the
catchment area (Cantabria); (3) experiencing a first episode
of psychosis; (4) having received no prior treatment with
antipsychotic medication; (5) DSM-1V criteria for schizophrenia,
schizophreniform disorder, schizoaffective disorder, or brief
psychotic disorder. Patients were excluded for any of the
following reasons: (1) meeling DSM-IV criteria for drug
dependence; (2) meeting DSM-IV criteria for mental retardation;
and (3) having a history of neurological disease or head injury.
Only patients with a history of drug dependence (DSM-IV
diagnosis; but not drug abuse) during the last 12 months were
excluded of the study. The diagnoses were confirmed using the
Structured Clinical Interview for DSM-IV (SCID-I) carried out
by an experienced psychiatrist 6 months on from the baseline
visit. Our operational definition for a “first episode of psychosis”

includes individuals with a non-affective psychosis (meeting
the inclusion criteria defined above) who have not previously
received antipsychotic treatment regardless the duration of
psychosis. The 37 individuals who gave written consent to their
participation in the program, who fulfilled inclusion criteria at
6 months, and had mRNA samples at baseline and at 3 months,
were included in our analyses.

After informed consent was signed, patients were included in
a prospective, randomized, flexible-dose, open-label study
(EudraCT number 2013-005399-16). We wused a simple
randomization procedure. At study intake, all patients were
antipsychotic naive and were randomized to aripiprazole
(N = 17), risperidone (N = 20). Initial dose ranges were
5-10 mg/day of aripiprazole and 1-2 mg/day of risperidone.
Rapid titration schedule (5-day), until optimal dose was reached,
was used as a rule unless severe side effects occurred. Dose range
was 5-30 mg/day aripiprazole and 2-6 mg risperidone. The dose
and type of antipsychotic medication could be changed, at the
physician’s discretion, based on clinical efficacy and the profile
of side effects during the follow-up period. Initial prescribed
medications should be swilched to olanzapine (range dose
5-20 mg) due to lack of clinical response at 3 weeks (less than
30% of total BPRS score reduction and CGI > 5) or persisting
distressing adverse drug reactions. For patients who fail to reach
a clinical response after two anti-psychotic agents, clozapine
should be started. However, despite this recommendation,
clozapine treatment should not be commenced at clinician’s
discretion.

For the present investigation, drug-naive first episode patients
were divided into two groups based on their clinical response
after 3 months of antipsychotic treatment according to their
BPRS (Lukoff et al., 1986) total scores: the first group included
the top 40% of patients who had the best response to treatment
(highest absolute decrease of BPRS score) and are referred to as
“best-responders”, and the other group included the bottom 40%
of patients with the worst response (lower absolute decrease of
BPRS score) and are referred to as “worst-responders”.

At 3-month follow-up patients were on: Aripiprazole
(7 worst-responders; 3 best-responders), Risperidone (5 worst-
responders; 8 best-responders), Olanzapine (3 worst-responders;
4 best-responders).

No statistically significant differences between the
two groups (best vs. worst clinical response patients) with
respect to percentage of concomitant use of antidepressants,
antimuscarinics, hypnotics and benzodiazepines at 3 months
were observed (all p’s > 0.542). After 6 months follow-up
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patients were diagnosed as follows, in the group of patients with
the best-response to antipsychotic treatment: nine schizophrenia,
four schizophreniform disorder, one brief psychotic disorder,
and one schizoaffective disorder; in the group of patients with
worst-response to antipsychotic treatment: nine schizophrenia,
four schizophreniform disorder and two brief psychotic disorder.
No significant differences between groups were either found.

Premorbid and Sociodemographic

Variables

Premorbid and sociodemographic information was collected
from patients (Table 1), relatives and previous medical records.
Age of onset of psychosis was defined as the age when the
emergence of the first continuous psychotic symptom occurred.
Duration of untreated psychosis (DUP) was defined as the
time from the first psychotic symptom to the initiation of
antipsychotic drug treatment. Duration of untreated illness
(DUI) was defined as the time from the first unspecific symptoms
related to psychosis to the initiation of antipsychotic drug
treatment.

Laboratory Assessments

To minimize the effects of diet and technique, blood samples
were obtained from fasting subjects from 8:00 to 10:00 a.m. by the
same staff, in the same setting. None of the patients had a chronic
inflammation or infection, or were taking medication that could
influence the results of blood tests.

RNA Extraction

Total RNA was extracted from blood using the Tempus™ Blood
RNA Tube and Tempus™ Spin RNA Isolation Kit (Applied
Biosystems, Foster City, CA, USA) following the manufacturer
protocols. To define expression profiles, a key factor is that
the RNA is intact. To select only high-quality RNA, the RNA
Integrity Number (RIN) was characterized with a Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) and samples with a
RIN of at least 7.2 were selected. The selected samples have RINs
that range from 8 to 10 with an average of 9.11.

RNA Next Generation Sequencing

Total RNA was extracted from peripheral whole blood of each
individual. The mRNA obtained from blood was sequenced
at the Centro Nacional de Analisis Genomico (CNAG) using
Hlumina HiSeq instruments (San Diego, CA, USA). The mRNA
was isolated from the total RNA and was fragmented once
transformed into cDNA. Fragments of 300 bp on average were
selected to construct the libraries for sequencing. Pair-end
sequences of 70 nucleotides for each end were produced.

Alignment of Reads to the Human Genome

Reference

Alignment of the reads was performed in an SLURM HPC server
running Tophat 2.0.6 with default options (Trapnell et al., 2009).
Tophat aligns RNA-Seq reads to genomes using the Bowtie
2.0.2 alignment program (Langmead et al, 2009), and then
analyses the mapping results to identify splice junctions between
exons.

Differential Expression Statistical Analyses
Bedtools 2.17.0 (multicov option; Quinlan and Hall, 2010) was
used to count the amount of reads mapped to each gene. The
Reference Sequence (RefSeq) gene coordinates were defined
using the RefFlat file from the UCSC Genome Bioinformatics
Site (as February 28th, 2014). DESeq 1.4 package (Anders and
Huber, 2010), setting up fit-only as fitting method, was used to
test for differential expression using gene-count data. Two sided
Fisher tests were carried out to identify functional enrichment of
biological annotations.

Prediction Method

Gene selection was performed with the implementation of
Random Forest method in the Random Forest 4.6-12 package
(Breiman, 2001) of R. Expression values of the 130 genes with
significantly different expression between the best-responders
and worst-responders was used as input with default parameters.
Genes with the best Gini were selected for the predictor. It
was trained using Logistic regression (Cox, 1958) with the glm
function of R 3.2.3 and the calculation of the estimated cross-
validation was performed with the cv.glm function of boot
package which implements bootstrapping methods (Hinkley,
1988).

RESULTS

Differential Gene Expression Between
Best-Responders and Worst-Responders

Before Treatment

We found 130 genes with significant differential expression
between the best-responders and the worst-responders
(Pagj value < 0.01; Supplementary Table S1). These genes
were significantly enriched for schizophrenia related genes
according to the scientific literature in the Gene Reference into
Function (GeneRIF) database (Mitchell et al., 2003). We found
14 schizophrenia differential expression genes between the
best-responders and the worst-responders (13.4% observed vs.
6.8% expected; Fisher P value = 0.016).

Differential Gene Expression Between the
Best-Responders and the

Worst-Responders After Treatment

To obtain more information, we sequenced the transcriptome
of the patients after 3 months of treatment with antipsychotics.
We defined 219 differential expression genes between the
best-responders and the worst-responders after 3 months
of medication (Supplementary Table S2). These genes were
enriched significantly for schizophrenia (21 genes or 11.3% vs.
6.8%; Fisher P value = 0.027). After 3 months of medication
with antipsychotics, 6 out of the 14 schizophrenia-annotated
genes with differential expression before medication between
the best-responders and the worst-responders no longer had
differential expression: VWF, a glycoprotein with increased
levels in plasma of non-medicated patients and in bipolar
disorder and schizophrenia compared to control individuals
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(Yri et al, 2012); UGTIAI, a gene with promoter variations
in patients with schizophrenia that result in lower serum
bilirubin levels (Vitek et al, 2010); HMOX1, an enzyme that
has anti-inflammatory properties and mediates the first step
of heme catabolism involved in the production of carbon
monoxide, a putative neurotransmitter, is over-expressed in
transgenic mice with schizophrenia-like features (Song et al.,
2012); IL8 (also known as CXCL8), a chemokine with altered
expression in the dorsolateral prefrontal cortex of individuals
with schizophrenia (Fillman et al., 2013); NTNG2, a gene with
haplotypes associated with schizophrenia and isoform expression
significantly different in schizophrenic and control brains (Aoki-
Suzuki et al., 2005); and PTGDS, a prostaglandin that acts as
a neuromodulator as well as a trophic factor in the central
nervous system and was studied as a schizophrenia candidate
(Ruano et al, 2007) and with reduced mRNA expression
in peripheral blood of bipolar disorder patients compared
with healthy control subjects (Munkholm et al, 2015). The
differential expression genes between the best-responders and
the worst-responders after 3 months of medication indicates
that 5 out the 11 genes involved in “drug processing” with
differential expression before medication still had differential
expression and similar expression profile after medication. These
five genes are: GSTM 1, a glutathione S-transferase involved in the
detoxification of electrophilic compounds, such as therapeutic
drugs, by conjugation with glutathione, with genetic variations
that affect the toxicity and efficacy of certain drugs (Li et al.,
2013); THBSI, an adhesive glycoprotein that mediates cell-
to-cell and cell-to-matrix interactions and related to drug
resistance (Rath et al, 2006); PRAME, an antigen related to
cytotoxic drug sensitivity (Kewitz and Staege, 2013); GSTTI, a
glutathione S-transferase that functions as a drug metabolizing
enzyme (Yri et al, 2012); and SLC22A16, a solute carrier
reported to be involved in drug response (Aouida et al,
2010).

Differential Gene Expression of the
Best-Responders Before and After
Treatment and of the Worst-Responders

Before and After Treatment

We also compared the transcriptome of the best-responders
before and after medication and characterized 176 genes with
differential expression (Supplementary Table S3). These genes
were also enriched for schizophrenia annotations (9.4% observed
vs. 6.7% expected). When we defined the differential expression
genes of the worst-responders, before and after medication,
we found only 23 genes (Supplementary Table S4) and these
were not enriched for schizophrenia annotations (5.2% vs.
6.7%). These data indicate that the individuals that respond
worst to treatment have fewer altered genes (a 7.6 fold
decrease) in their expression by antipsychotics than the best-
responders.

Predictor Test
To generate a predictor test before medication of response
to antipsychotics, we analyzed all 130 genes with significantly

different expression between the best-responders and the worst-
responders using Random Forests, an ensemble learning method
for classification and regression, among other tasks, that operates
by constructing a multitude of decision trees (Diaz-Uriarte and
Alvarez de Andrés, 2006; Koo et al., 2013). Functional analyses
of the 30 genes with the highest predictive power (Figure 1;
Supplementary Table S5) indicated a significant enrichment
of genes related to schizophrenia (29.2% observed vs. 6.9%
expected; Fisher P value = 0.0009) and bipolar disorder (16.7%
vs. 2.6%; Fisher P value = 0.003). In the complete list of
130 genes, the enrichment for schizophrenia genes was smaller
(13.4%).

Using logistic regression we defined the area under the curve
(AUC), representing the combined predictive power of the genes,
and a cross-validation estimate of accuracy for the prediction
using the first two, three and four genes. We found that the
prediction using two genes (SLC9A3 and HMOXI) had an
area under the curve of 0.92 and a cross-validation estimate of
accuracy of 0.73; with three genes (adding SLC22A16) the values
were 0.96 and 0.833 respectively; and with four genes (adding
LOC284581) they were 0.97 and 0.833 respectively (Figure 2).
These data indicate that a test with the top four or three of the
most predictive genes could be an appropriate choice.

DISCUSSION

We found a significantly different number of schizophrenia
differential ~expression genes between the groups of
best-responders and worst-responders, suggesting that the
response to treatment could be due, at least partially, to the fact
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FIGURE 1 | Variable Importance (Gini) for the top 30 predictor genes. Gini
variable importance measures reflect the mean decrease in impurity by splits
of a given variable in the classification tree, weighted by the proportion of
samples reaching that node. A greater “mean decrease Gini” indicates that the
gene plays a greater role in partitioning the data into the defined classes.
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FIGURE 2 | Receiver operating characteristic (ROC) curves. (A) Using the best two genes (HMOX1, SCLIAS) to train the predictor we obtain a ROC with an area
under the curve (AUC) of 0.92. (B) Using the best three genes (HMOX1, SCLIA3, SLC22A16) to train the predictor we obtain a ROC with an AUC of 0.96. (C) Using

the best four genes (HMOX1, SCLIA3, SLC22A16, LOC284581) to train the predictor we obtain a ROC with an AUC of 0.97.

that the two groups of patients analyzed have different genetic
background causing schizophrenia.

Our results indicate that 6 out of the 14 schizophrenia-
annotated genes with differential expression before medication
between the best and worst-responders had no longer differential
expression after 3 months of medication. These six genes
are excellent candidates to be the targets used by the drugs
to improve the symptoms of schizophrenia. The data show
that the group of best-responders has a significant enrichment
of schizophrenia-annotated genes with differential expression
before and after 3 months of medication. However, we do not
observe this significant enrichment of schizophrenia-annotated
genes in the group of worst-responders, suggesting that the
efficacy of antipsychotics is dependent of the expression profile
of the patient before medication and that a predictor could
be generated using a gene expression profile of untreated
patients.

With the purpose of finding genes that can predict the
response to antipsychotics, we characterized 130 genes with
differential expression between the best and worst responders
before treatment. We found that the 30 genes with the
highest predictive power among these 130 genes, had a higher
enrichment of schizophrenia-annotated genes, indicating that
genes related to schizophrenia tend to have a higher predictive
value. This would suggest that schizophrenia genes are involved
in the response and that the schizophrenia causative genes tend
to be different between the best-responders and the worst-
responders.

We tested the predictive power of the top four predictor genes
in our patients, and found that the test would accurately predict
93% of the worst-responders and 87% of the best-responders
(Figure 3). The gene with the highest predictive value, SLC9A3,
is a Na/H exchanger and belongs to several pathways such
as the transmembrane transportation of small molecules and
the SLC-mediated transmembrane transport that facilitate the
movement of a specific substrate either against or following their
concentration gradient. Currently, there are novel drugs being
developed targeting SLC9A3 that could be of interest for the field

e . . . . « Best-Responder
o « Worst-Responder

Probability of Response
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T T T T T T T T T T T
288538288880 RBRRRR
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FIGURE 3 | Predicted probability of response to antipsychotics using a
4-gene test. Scatter plot, which represents the predicted probability of
response (y-axis) for each input sample (x-axis) in the logistic regression
predictor. Red points represent worst-responder patients and black points
represent best-responder patients.

of schizophrenia (Dominguez Rieg et al., 2016). The second best
predictor is HMOX1, or Heme oxygenase, an essential enzyme in
heme catabolism, that cleaves heme to form biliverdin, which is
subsequently converted to bilirubin by biliverdin reductase, and
carbon monoxide, a pulative neurotransmitter. The relationship
of this gene with the generation of a neurotransmitter could
explain the relationship of his expression with the response to
antipsychotics and open the gate to possible medical actions. The
previous observations are consistent with the fact that the mouse
homologous gene has been related to schizophrenia-like features
in transgenic mice, what can facilitate new therapeutics for
schizophrenia (Song et al., 2012). HMOXI has been also related
to drug resistance in acute myeloid leukemia (Zhe et al,, 2015).
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The third predictor, SLC22A16, encodes a member of the organic
zwitterion transporter protein family which transports carnitine.
The encoded protein has also been shown to be involved in
the transport of anticancer drugs such as bleomycin (Aouida
et al., 2010) and successful treatment has been correlated with
the level of activity of this transporter in tumor cells. Variant
alleles of SLC22A16 are associated with response and levels of
toxicity caused by doxorubicin and cyclophosphamide therapy
in the treatment of breast cancer which is consistent with the
fact that doxorubicin is a substrate this transporter (Bray et al.,
2010). Interestingly, SLC22A16 is located within a schizophrenia
susceptibility locus in chromosome 6q (Cao et al., 1997). The
fourth gene, LOC284581, is not annotated but it maps within
a Parkinson’s disease locus of 15.8 Mb (Satake et al., 2009).
Interestingly, all three annotated genes are involved in drug
resistance, toxicity or transportation and offer new possibilities
to generate therapeutic actions for schizophrenia.

A potential limitation of the study is the small sample size
(n =30 or n = 15 per group). However, we are not aware of
any full transcriptome study on drug-naive patients (not having
received a single dose of antipsychotics) that had studied similar
or higher number of samples than our study. Besides, our study
sample size is larger than in most studies based on RNASeq
data (according to the mean of samples reported by the Gene
Expression Omnibus database). A possible confounding factor
could be the cannabis use that has been reported to enhance
negative outcomes such as suicidal risk (Serafini et al., 2012).
However, it is unlikely that this factor could affect the results
of our study given that only eight patients reported as cannabis
users and were equally divided in both groups, four in the
best-responders and four in the worst-responders. The data we
are presenting here is a first step to generate a simple test
(expression levels of a small number of genes) to predict the
response to antipsychotics, one of the most prescribed types of
drugs worldwide, and to provide a tool to select the antipsychotic
expected to generate the best clinical response.
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