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Objectives: Gene-environment interactions increase the risk of psychosis. The objective of this study
was to investigate gene-gene and gene-environment interactions in psychosis, including single
nucleotide variants (SNVs) of dopamine-2 receptor (D2R), N-methyl-d-aspartate receptor (NMDAR),
and cannabinoid receptor type 1 (CB1R), lifetime cannabis use, and childhood trauma.
Methods: Twenty-three SNVs of genes encoding D2R (DRD2: rs1799978, rs7131056, rs6275),
NMDAR (GRIN1: rs4880213, rs11146020; GRIN2A: rs1420040, rs11866328; GRIN2B: rs890,
rs2098469, rs7298664), and CB1R (CNR1: rs806380, rs806379, rs1049353, rs6454674,
rs1535255, rs2023239, rs12720071, rs6928499, rs806374, rs7766029, rs806378, rs10485170,
rs9450898) were genotyped in 143 first-episode psychosis patients (FEPp) and 286 community-
based controls by Illumina HumanCoreExome-24 BeadChip. Gene-gene and gene-environment
associations were assessed using nonparametric Multifactor Dimensionality Reduction software.
Results: Single-locus analyses among the 23 SNVs for psychosis and gene-gene interactions were
not significant (p 4 0.05 for all comparisons); however, both environmental risk factors showed an
association with psychosis (p o 0.001). Moreover, gene-environment interactions were significant for
an SNV in CNR1 and cannabis use. The best-performing model was the combination of CNR1
rs12720071 and lifetime cannabis use (p o 0.001), suggesting an increased risk of psychosis.
Conclusion: Our study supports the hypothesis of gene-environment interactions for psychosis
involving T-allele carriers of CNR1 SNVs, childhood trauma, and cannabis use.
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Introduction

Schizophrenia and other psychoses are complex psy-
chiatric disorders characterized by gene-environment
interactions.1 Genome-wide association studies (GWAS)
have implicated functional single nucleotide variants
(SNVs) in schizophrenia pathogenesis.2-4 Specifically,
the largest and most recent GWAS reported that rare and
common variants of the GRIN2A gene, which encodes a
subunit of the N-methyl-D-aspartate receptor (NMDAR),
have a pathogenic role in schizophrenia.5

Environmental factors, including cannabis use and
childhood trauma, are also associated with first-episode

psychosis and schizophrenia,6,7 and growing evidence
supports gene-environment interactions in additive models
including both cannabis use and childhood trauma.8 It has
also been suggested that gene-environment interactions
can be traced to a final common pathway involving the
dopaminergic, glutamatergic, and endocannabinoid sys-
tems, which underlies psychosis pathogenesis.9 There is a
wealth of evidence suggesting that disruptions in NMDAR
may lead to dopaminergic impairments (excess in the
mesolimbic and reduction in the mesocortical pathways),
as already described in schizophrenia.10 Recent evidence
has indicated a key role of the endocannabinoid system in
cellular and molecular signaling mechanisms involving
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physiological neurotransmission pathways such as the
dopamine11 and glutamate systems.12 However, whether
interaction of variants in the dopamine-2 receptor (D2R),
NMDAR, and cannabinoid type 1 receptor (CB1R) genes
with both cannabis use and childhood trauma increase the
risk of psychosis remains unclear.

It is well established that hyperregulation of the
dopaminergic system is implicated in the etiology of
psychosis.13 One of the longest-standing hypotheses in
schizophrenia suggests dopaminergic hyperactivity at the
D2R, encoded by the DRD2 gene, which is considered a
risk gene for schizophrenia.14

Abnormalities in the glutamatergic system, particularly
hypofunction of NMDAR, have also been hypothesized
to play a major role in psychosis pathogenesis, since
glutamate is the major excitatory neurotransmitter and its
dysfunction results in a wide range of impairments.15

NMDAR is composed of several subunits, three of which
are NR1, NR2A, and NR2B, encoded by GRIN1, GRIN2A,
andGRIN2B, respectively.16 One well-characterized model
of glutamatergic hypofunction involves the administration of
noncompetitive NMDAR antagonists. This has been shown
to induce cognitive- and negative features reminiscent of
schizophrenia, including reduction of spatial learning, social
withdrawal, and anhedonia,17 in animal models.18 Addi-
tionally, exome-sequencing studies have revealed that rare
damaging mutations in NMDAR genes are found in brain
and blood samples from patients with schizophrenia.19

The glutamatergic system is highly interconnected with
the endocannabinoid system.20 The CB1R, encoded by
the CNR1 gene, is widely distributed in brain regions
(cortex, olfactory bulb, hippocampus, basal ganglia, and
cerebellum)21 and peripheral tissues, including skeletal
muscle, hepatocytes, and pancreatic beta b-cells.22

Although earlier studies failed to find an association
between genetic variants of CNR1 and schizophre-
nia,23,24 and no GWAS to date has identified common
genetic variants within CNR1 associated with psychosis in
large population studies,5 there may still be environmental
risk factors contributing to psychosis that potentially act
through interactions with variants of this gene.

Given that the etiology of psychosis may lie in gene-
environment interactions, genetic variants could help
define biological subgroups resilient or vulnerable to
environmental factors that potentially increase the risk of
psychosis. Thus, we hypothesized that SNVs in genes
related to dopaminergic, glutamatergic, and endocanna-
binoid receptors could be involved in the pathogenesis of
psychosis through interactions with environmental risk
factors. Specifically, we tested for gene-gene interactions
and interactions between 23 SNVs of D2R (DRD2),
NMDAR (GRIN1, GRIN2A, and GRIN2B), and CB1R
(CNR1) and two well-known environmental risk factors for
psychosis: childhood trauma and lifetime cannabis use.

Methods

Sample

This study is part of Schizophrenia and Other Psychosis –
Translational Research: Environment and Molecular

Biology (henceforth, STREAM).25 STREAM is part of
the international consortium European Network of
National Schizophrenia Networks Studying Gene-Envir-
onment Interactions (EU-GEI WP2 Group) (http://www.
eu-gei.eu/).26,27 The catchment area selected was the
health administrative region of Ribeirão Preto, state of
São Paulo, Brazil. The region comprises 26 municipalities
corresponding to an area of 9,300 km2 and a population of
approximately 1.3 million.

In the initial STREAM dataset, DNA blood samples
were collected from 202 first-episode psychosis patients
(FEPp) and 293 controls. After quality control (QC) for
genotyping, 159 FEPp and 289 community-based con-
trols remained in the STREAM dataset. Of these, 429
subjects (143 FEPp and 286 community-based controls)
had complete clinical, biological, and environmental
assessments and were included in this study.

The sample was composed of incident cases of
affective and non-affective psychosis identified in the
mental health services of the Ribeirão Preto catchment
area from 1 April 2012 to 31 March 2015. We included
patients aged 16 to 64 years, with no gender restrictions,
who lived in the catchment area and had sought medical
care for psychotic symptoms for the first time.25 We
excluded patients with previous contact with mental
health services for psychosis, psychotic symptoms due
to other medical conditions, or presenting during sub-
stance intoxication/withdrawal.

We also included controls aged 16 to 64 years, both
sexes, with no history of psychotic symptoms, from the
same catchment area. For the recruitment of controls, we
considered the total population defined by the latest
(2010) census (http://www.ibge.gov.br/), according to
place of residence, stratified by sex, in three age groups
(16 to 24, 25 to 34, and 4 35 years old).

Sociodemographic and clinical assessments

Face-to-face interviews were held to gather sociodemo-
graphic and clinical data, as described elsewhere.28

All included patients met diagnostic criteria for FEPp
based on a structured clinical interview for DSM-IV-CV
axis I disorders (SCID-I).29,30 Moreover, we investigated
the history of treatment and the duration of untreated
psychosis (DUP) using the Nottingham Onset Schedule
(NOS).31 Symptom severity at the time of peripheral blood
collection was determined by the Brief Psychiatric Rating
Scale (BPRS),32,33 and the use of cannabis and nine
other types of psychoactive substances (inhalants, crack,
cocaine, stimulants, sedatives, opioids, hallucinogens,
ketamine, and other drugs – the latter covering new
psychoactive substances, e.g., mephedrone) was
assessed by applying the Cannabis Experiences Ques-
tionnaire (CEQ).34 This self-report assessment gives
information about lifetime cannabis use, age at first use,
frequency, duration, and type of cannabis used. We
considered the variable lifetime cannabis use as a
measure of an individual’s susceptibility, as well as its
strong association with genetic variants, consistent with
previous studies.35,36 Childhood trauma was assessed
using Childhood Trauma Questionnaire (CTQ), which
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yields a CTQ total score and allows classification of
participants into two groups (maltreated or non-
maltreated).37,38

Blood samples and genetic analysis

Genotyping and quality control (QC)

Peripheral blood samples were genotyped using a custom
Illumina HumanCoreExome-24 BeadChip genotyping
array (Cardiff chip) that contains probes for 570,038
genetic variants (Illumina, San Diego, USA). Experiments
were performed at the Institute of Psychological Medicine
and Clinical Neurology of Cardiff University, as part of a
multicenter study for GWAS analysis by DNA microarray
techniques. Genotype data were obtained using the
GenomeStudio package and transferred into PLINK
format for further analysis.

The QC was performed using PLINK v1.0739 or with
Perl scripts customized by EU-GEI. Variants and samples
with a call rate o 98% and minor allele frequency (MAF)
p 0.01 were excluded from the dataset. Variants with
Hardy-Weinberg equilibrium (HWE) po 1e-6 were
excluded. We used the sample QC steps for the
genotyping as per EU-GEI WP2.27 After QC, 559,505
variants remained, and we extracted from the array only
those of interest.

Population stratification

We used the first 10 principal components (PC) from
genotyping (using PLINK39 and RStudio40) as covariants
to adjust for genetic population stratification. Briefly, as a
first step, we merged our sample with the 1000 Genomes
Project sample Phase 341 to build ancestry PCs of the
overlapping SNVs and, subsequently, we applied k-mean
clustering to determine individual populations in our
sample based on 1000 Genomes sample information.
The principal components analysis (PCA) plot shows the
dimensions 1 and 2 that correspond the PC1 and PC2,
respectively (explaining the maximum and second great-
est variance in the data, respectively) (Figure 1).

SNVs selection

We selected D2R and NMDAR genes that were pre-
viously significantly associated with schizophrenia and
other psychoses,5,14 and the CB1R gene for its functional
relevance to this disorder.42 We used three strategies to
select SNVs from the five candidate gene regions
(covering target sites, upstream, and downstream): i)
tagging (Haploview 4.2) at an r2 threshold of 0.6 to
capture 98% of the variants most common in HapMap
phase II and a MAF 4 0.01; ii) SNV functionality
according to data published on Ensembl (http://www.
ensembl.org); and iii) previous associations with psycho-
sis reported in the literature for DRD2,43-45 GRIN1,
GRIN2A, GRIN2B,44,46-48 and CNR1.49

Twenty-three SNVs of the D2R (DRD2: rs1799978,
rs7131056, and rs6275), NMDAR (GRIN1: rs4880213,
rs11146020; GRIN2A: rs1420040, rs11866328; GRIN2B:
rs890, rs2098469, and rs7298664), and CB1R genes

(CNR1: rs806380, rs806379, rs1049353, rs6454674,
rs1535255, rs2023239, rs12720071, rs6928499,
rs806374, rs7766029, rs806378, rs10485170, and
rs9450898) were analyzed.

We calculated the power to detect an odds ratio (OR) of
2 in a case-control study with 429 subjects, including 143
FEPp and 286 controls (case rate of 30%), over a range
of MAF from 0.09 to 0.50 in order to cover the frequencies
of the candidate genes. For all possible combinations of
true and test models (additive, dominant, and recessive),
assuming an alpha of 0.05, a binary outcome with
prevalence of 0.01, and gene-environment interaction,
the statistical power reached B80% (RStudio Team
2020, CRAN.R-project.org/package=genpwr/).

Statistical analysis

Statistical analyses were conducted in SPSS version 26
and RStudio.40 Data were checked for normality using
Shapiro-Wilk’s test. We described the sociodemographic,
clinical, and environmental (lifetime cannabis use and
childhood trauma) variables between groups (community-
based controls and FEPp) using Student’s t test and
Fisher’s exact test. HWE was calculated for each selected
SNV using an online calculator (Excel-based HWE Test
by Michael H. Court [2005-2008], Court lab – HW
calculator – important.xls), using a nominal p o 0.05 as
the cutoff.

To investigate the effect of SNVs on psychosis, data
were analyzed using binary logistic regression models
(OR [b], 95%CI), including group as the binary outcome
(community-based controls and FEPp) in both unadjusted
and adjusted models (sex, age, years of education,
tobacco smoking, and the first 10 PCs to correct the
possible bias due to an association between SNVs and
genetic ancestry in an admixed population), considering
the frequencies of the genotypes under the dominant
(homozygous ancestral � heterozygous + homozygous
variant), additive (homozygous ancestral � heterozy-
gous � homozygous variant), and recessive models
(homozygous variant � homozygous ancestral + het-
erozygous). To determine the significance level for
multiple test errors, we performed the Bonferroni’s test
and considered an adjusted p o 0.002 (0.05/23) as
statistically significant, taking into account the 23 selected
SNVs. Moreover, we used Fisher’s exact test for
comparisons between the environmental risk factors and
psychosis.

Associations between and within gene-gene and
between the 23 SNVs and environmental risk factors
(lifetime cannabis use [yes or no] and childhood trauma
[yes or no]) were tested using the nonparametric Multi-
factor Dimensionality Reduction (MDR) software (version
3.0.2) (www.epistasis.org), considering 10 data divisions
as the same best model for cross-validation consistency
(CVC), testing accuracy and an empirical p o 0.05.50 We
included a binary outcome (community-based controls
and FEPp) to analyze associations between GRIN1,
GRIN2A, GRIN2B, DRD2, and CNR1 genotypes in three
groups (ancestral homozygous vs. heterozygous vs.
minor allele homozygous) in relation to the environmental
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factors. For models deemed statistically significant in
MDR analysis, we subsequently performed the Hosmer-
Lemeshow test in the logistic regression to assess
goodness of fit. The reference allele was based on
population genetics data from African, European, and
Native Americans (bank of allele frequency, https://www.
ensembl.org/index.html/).

Considering the multifactorial etiology of psychosis
(multiple environmental risk factors, polygenicity, and the
interactions thereof), MDR has been proposed as a
complementary method to linear and logistic regressions
to improve the identification of gene-gene and gene-
environment interactions given that no genetic mode of
inheritance is assumed, and this approach avoids
increased type II errors and decreasing the power by
reducing the dimensionality of multilocus genotype
combinations.51,52 The possible multifactor classes from
n combinations between genetic and/or environmental
variables are labeled as high-risk or low-risk to disease,
and the ratio of the number of patients to the number of
controls is calculated within these multifactor classes.
MDR analysis calculated the empirical p-value derived
from permutation testing (p-values based on 1,000
permutations) at a 0.05 significance level. In our results,
we present the mean p-value from the p-value derived
from permutation testing. The criteria for the best final
interaction models included: i) the minimal prediction
error; ii) the CVC 9 or 10-fold cross validation; iii)
significance of the p-value (o 0.05); and iv) close values

of the training and testing balance accuracy (TBA = 0.55-
0.69), as described by Moore.53

We constructed three models (dominant, additive, and
recessive) to estimate the average effects of the risk allele
for the associations between genes and psychosis.
However, an additive genetic model was employed to
estimate the effects across each genotype for the gene-
gene and gene-environment interactions to show the
genetic variant contribution of each gene better.

Ethics statement

This study was approved by the ethics committee of
Hospital das Clı́nicas da Faculdade de Medicina de
Ribeirão Preto (opinion number 12.606/2012). Informed
consent was obtained from each participant prior to study
enrollment.

Results

Sociodemographic, clinical, and environmental profiles of
the participants

FEPp had a relatively higher proportion of males and non-
whites, lower education, higher frequency of tobacco
smoking, and, as expected, higher BPRS scores than
controls (p o 0.001 for all comparisons). Age (p = 0.648)
and body mass index (BMI) (p = 0.062) did not differ
significantly between groups (Table 1).

Figure 1 Principal components (PC) analysis plot of the studied Ribeirão Preto catchment area individuals in comparison to
1000 Genomes Project populations. The first two PCs (PC1 and PC2, corresponding to dimensions 1 and 2) are shown, and
the colors illustrate the stream sample (143 cases, light blue; 286 controls, neon green) with the 1000 Genome Project sample
Phase 3.41 ASW = Americans of African ancestry from Southwest United States; CEU = Utah residents with Northern and
Western European ancestry from Utah, United States; CHB = Han Chinese from Beijing, China; CHD = Chinese from
metropolitan Denver, Colorado, United States; GIH = Gujarati Indians from Houston, Texas, United States; JPT = Japanese
from Tokyo, Japan; LWK = Luhya in Webuye, Kenya; MEX = Americans of Mexican ancestry from Los Angeles, California,
United States; MKK = Maasai in Kinyawa, Kenya; TSI = Italians from Tuscany, Italy; YRI = Yoruba in Ibadan, Nigeria.
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The environmental risk factors of lifetime cannabis use
and childhood trauma were each significantly associated
with FEPp compared to controls (Table 1) (po 0.001 for
both comparisons). However, these two factors were
themselves significantly associated in the control group,
but not in the FEPp group. The lifetime frequency of either
cannabis use or childhood trauma among controls was
7.3% (w2 = 7.80; p = 0.008), while in the FEPp group it
was 25.2% (w2 = 0.06; p = 0.868) (Table S1, available as
online-only supplementary material).

Associations between SNVs and psychosis

Group differences in genotype frequencies and their
association with psychosis using the dominant, additive,
and recessive models are described in Tables S2, S3,
and S4 (available as online-only supplementary material),
respectively. Single-locus analysis showed no significant
association between the 23 SNVs and psychosis (p 4
0.05 for all comparisons; adjusted models for sex, age, 10
PCs, years of schooling, and tobacco).

Gene-gene and gene-environment interactions in
psychosis

Regarding gene-gene interactions, no significant associa-
tions within or between genes were found (p4 0.05 for all
comparisons, data not shown). However, MDR analyses

demonstrated approximately 60-70% of the ability to
classify the individuals included in the analysis and
showed significant gene-environment interactions for the
polymorphic loci rs12720071 and rs7766029 of the CNR1
gene (Table S5, available as online-only supplementary
material). The best association model was represented
by the combination of CNR1 rs12720071 with lifetime
cannabis use (testing accuracy 66.4%, CVC 10/10,
p o 0.001) (Figure 2A). The results suggested a higher
risk for psychosis when combining the TT genotype of
rs12720071 with lifetime cannabis use (OR = 7.1; 95%CI
2.5-19.8; p o 0.001). The Hosmer-Lemeshow statistic
predicts 69.2% of the model.

Moreover, CNR1 rs12720071 (TT genotype) also
showed a significant association with childhood trauma
as a risk for psychosis (testing accuracy of 62.1%, CVC of
6/10 and p = 0.005) (Figure 2B). Likewise, as happened
in the model including cannabis use, the TT genotype
was detrimental when childhood trauma was combined
(OR = 3.3; 95%CI 1.4-7.9; p = 0.006). Finally, an
interaction between CNR1 rs7766029 (T-allele) with both
lifetime cannabis use and childhood trauma presented a
testing accuracy of 69.3%, CVC of 8/10, and p o 0.001
for association with psychosis (Figure 2C). This model
shows that the combination of rs7766029-T homozygosity
and the presence of both environmental risk factors
increases the risk for psychosis (OR = 3.2; 95%CI 1.5-
6.5; p = 0.002). Although models 2(B-C) are significant

Table 1 Sociodemographic and clinical variables of participants (n=429)

Characteristics Community-based controls (n=286) FEPp (n=143) p-value

Sociodemographic variables
Sexw o 0.001
Female 148 (51.7)a 57 (39.9)a

Male 138 (48.3)a 86 (60.1)a

Education in yearsw o 0.001
p 9 64 (22.4)a 58 (40.6)b

4 9 222 (77.6)a 85 (59.4)b

Skin colorw 0.004
White 196 (68.5)a 76 (53.1)b

Non-white 90 (31.5)a 67 (46.9)b

Clinical variables
Age,= years: mean (SD) 33.7 (12.6) 32.8 (12.1) 0.648
BMI,= kg/m2: mean (SD) 26.4 (6.4) 25.1 (6.5) 0.062
BPRS,= total score: mean (SD) 0.8 (1.9)a 9.0 (7.1)b o 0.001
Age of onset,= years: mean (SD) 31.3 (11.9)
DUP, weeks: median (Min-Max) 10.0 (0.0-1.056.0)
Duration of disease, weeks: median (Min-Max) 39.6 (1.6-1.094.4)
Duration of treatment, weeks: median (Min-Max) 21.0 (0.0-155.4)
Tobacco smokingw o 0.001
Yes 44 (15.4)a 46 (32.2)b

Lifetime cannabis usew o 0.001
Yes 55 (19.2)a 71 (49.7)b

Childhood traumaw o 0.001
Yes 68 (23.8)a 74 (51.7)b

Data presented as n (%), unless otherwise specified.
Significant results are highlighted in bold.
BMI = body mass index; BPRS = Brief Psychiatric Rating Scale; DUP = duration of untreated psychosis; FEPp = first-episode psychosis
patients.
wFisher’s exact test.
=Student’s t test.
a,b Different superscript letters denote statistically significant differences between means.
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and clinically relevant, neither reached the considerations
described by Moore53 to be classified as a good model.
No significant associations between the environmental
factors and other SNVs were found.

Discussion

In this case-control study of selected genetic and
environmental risk factors for psychoses, we have demon-
strated the interaction of SNVs of the CNR1 gene
(rs12720071 and rs7766029) with both lifetime cannabis
use and childhood exposure to trauma as increasing risk for
psychosis based on analyses with the MDR approach. This

approach has been applied to many psychiatric diseases,
including non-affective54,55 and affective disorders.56,57

Various lines of evidence point to associations of
cannabis use and childhood trauma with psychosis.58

We have confirmed both these associations in our
sample. A relationship between childhood trauma and
cannabis use in the control group indicates that early life
stress might be a risk factor for subsequent cannabis use;
the loss of this relationship in the FEPp suggests that
other factors underlie the greater incidence of cannabis
use in this latter group.

A fast-growing field of schizophrenia research has
recently suggested the interactive effects of environmental

Figure 2 Models assessing gene-environment and gene-gene associations considering: A) Lifetime cannabis use: individuals
with lifetime cannabis use who were CNR1 rs12720071 T-allele carriers had a greater risk of psychosis (cross-validation
consistency [CVC] = 10/10, testing accuracy = 66.4%, p o 0.001). The bars show the frequency distribution of genotypes for
the first-episode psychosis patients (FEPp) and controls (left and right columns, respectively) in relation to lifetime cannabis
use; B) Childhood trauma: risk association between individuals with childhood trauma and CNR1 rs12720071-T-allele carriers
(CVC = 6/10, testing accuracy = 62.1%, p = 0.005). The bars show the frequency distribution of genotypes for the FEPp and
controls (left and right columns, respectively) in relation to childhood trauma; and C) Lifetime cannabis use and childhood
trauma: increased risk for developing psychosis in individuals with lifetime cannabis use, childhood trauma, and CNR1
rs7766029 T-allele carrier status (CVC = 8/10, testing accuracy = 69.3%, p o 0.001). The bars show the frequency distribution
of genotypes for the FEPp and controls (left and right columns, respectively) in relation to both environmental risk factors.
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and genetic factors moderating the risk of psychosis.9

We found a significant interaction between CNR1
genotype rs12720071 and cannabis use – an important
environmental risk factor – in its association with
psychosis. T-allele carriers of CNR1 presented a lower
risk of psychosis when cannabis use was absent, while
the same allele increased the risk of psychosis when the
environmental risk factor was present. Moreover, T-
allele carriers of CNR1 (rs12720071) presented an
increased risk of psychosis when childhood trauma
was present, while the model that included both
environmental factors also showed that cannabis use
abolished the protective association of rs7766029-T-
allele with psychosis in the absence of childhood
trauma. However, although we found statistical signifi-
cance in MDR analysis, neither model met established
criteria to be considered ‘‘good’’ in terms of representing
the predictive ability of the gene-environment interac-
tions in the case-control study. Thus, our findings may
suggest that lifetime cannabis use is moderated by the
CNR1 genetic variant for psychosis. Our results demon-
strate that CNR1 rs12720071-T homozygosity interacts
with lifetime cannabis use, suggesting combined gene-
environment influences in mediating phenotypic features
of psychosis.

The CB1 receptor, encoded by the CNR1 gene, is
the primary brain receptor stimulated by endocannabi-
noids and exogenously by D9-THC.59 Despite conflicting
evidence, SNVs of CNR1 gene polymorphic loci
(rs12720071 and rs7766029), localized to chromosome
6q14-15, have been associated with cannabis use and
psychosis risk.49,60 For instance, cannabis use was
reported as a moderating factor between CNR1
rs12720071 genotypes and changes in cognitive perform-
ance in schizophrenia.61,62

The two CNR1 SNVs (rs12720071 and rs7766029) are
localized in the 30- untranslated region (30-UTR) of exon 4,
which plays a major role in gene expression regulation.63

Evidence shows that the presence of the variant on
rs12720071 could be a binding site of a transcription
factor for CCAAT/enhancer-binding protein beta (C/EBP-
beta),64 with effects on neurogenesis.65,66 Consequently,
the nucleotide switch could potentially change the C/
EBPbeta transcription factor binding site, repressing
CB1R expression and resulting in cognitive deficits in
rs12720071-T-allele carriers who engage in cannabis
use.61

Studies have also suggested a functional and direct
relationship between NMDA and CB1 receptors that may
be dysregulated by cannabinoid agonists, such as D9-
THC, in precipitating psychosis susceptibility and inducing
NMDAR hypofunction,12 which may compromise gluta-
mate signaling and, consequently, essential processes
including synaptic plasticity, memory formation, and
learning.20

Additionally, although evidence has shown alterations
in dopaminergic signaling and NMDAR genes in psy-
choses,10 inconsistencies remain concerning their asso-
ciations. Considering our criteria for the MDR analysis,
our findings did not show associations among D2R or
NMDAR variants with environmental factors as a risk for
psychosis, as we did not also reproduce the associations
between these variants and psychosis reported pre-
viously,5,44,46-48 potentially attributable to the sample size
and genetic diversity in different populations.

To the best of our knowledge, this is the first study to
investigate the potential interactions of D2R, NMDAR,
and CB1R SNVs in psychosis using the MDR statistical
tool. We also speculate that the interaction between
lifetime cannabis use or childhood trauma and CNR1

Figure 3 Schematic representation of our main findings. In the presence of CNR1 gene variants, lifetime cannabis use and
childhood trauma may modulate the N-methyl-D-aspartate receptor (NMDAR) and dopamine-2 receptor (D2R) genes,
increasing the risk of psychosis. CB1R = cannabinoid receptor type 1; SNVs = single nucleotide variants.
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genotypes may induce neuromodulatory dysfunctions in
dopaminergic and glutamatergic pathways, especially in
the presence of another environmental risk factor,
contributing to the multigene interaction involved in the
pathophysiology of psychosis (Figure 3).

Despite our small sample size and exploratory nature of
the study, our findings demonstrate the risk-increasing
effects driven by gene-environment interactions of pre-
viously established environmental factors,8 supporting the
multifactorial etiology and polygenicity of psychotic
disorders. Recent findings have demonstrated that many
common variants of risk genes with minor effects have
been associated with schizophrenia and other psychosis,5

reinforcing the strong evidence of polygenic inheritance
associated with multifactorial risk factors for psychosis.
However, our gene-environment interaction findings may
be relevant to genetic studies in non-European countries
due to the genetic and cultural heterogeneity of the
Brazilian population. The results of this study have some
limitations. Due to the cross-sectional nature of the
analysis presented, we are unable to make comparisons
over time. Thus, larger and longitudinal cohorts are
required to validate these findings and expand the
interpretations about the causal effects of gene-environ-
ment interactions. In addition, the higher prevalence of
lifetime cannabis use in FEP patients may be skewing the
association of gene-environment interaction; however, we
do not believe this occurred in our study, since the
frequency of the rs12720071 genotype was not signifi-
cantly different between the FEP group and the controls.
Further research should attempt to control the discre-
pancies in genotype and environmental factor preva-
lences to understand better their association with
psychosis. Finally, we did not include linkage disequili-
brium analysis or haplotype-based approaches. Future
studies should include haplotypes to identify the cis
interaction between selected SNVs in addition to the main
effects in relation to psychosis susceptibility.

We stress that the power of our results should be
interpreted with caution, due to the small sample size
after group comparisons. Our findings merit further
investigation in a larger sample to elucidate the minor
contributions of each SNV and their relationships with
environmental factors.

In conclusion, our study supports the hypothesis of
gene-environment interactions for psychosis and un-
covers a genetic liability dependent on such interactions,
even when the SNVs involved showed no independent
effect. Specifically, we suggest a gene-environment inter-
action involving the SNVs rs12720071 and rs7766029-T-
allele of the CNR1 gene, childhood trauma, and lifetime
cannabis use in psychosis.
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noid receptor 1 associates with NMDA receptors to produce gluta-
matergic hypofunction: implications in psychosis and schizophrenia.
Front Pharmacol. 2014;4:169-169.

21 Mackie K. Distribution of cannabinoid receptors in the central
and peripheral nervous system. Handb Exp Pharmacol. 2005;
168:299-325.
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conteúdo da versão em português do Childhood Trauma Ques-
tionnaire. Rev Saude Publica. 2006;40:249-55.

38 Bernstein DP, Stein JA, Newcomb MD, Walker E, Pogge D, Ahluvalia
T, et al. Development and validation of a brief screening version of the
Childhood Trauma Questionnaire. Child Abuse Negl. 2003;27:169-90.

39 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender
D, et al. PLINK: a tool set for whole-genome association and popu-
lation-based linkage analyses. Am J Hum Genet. 2007;81:559-75.

40 RStudio Team. RStudio: Integrated Development for R. [cited 2023
Apr 19]. http://www.studio.com/.

41 1000 Genomes Project Consortium; Auton A, Brooks LD, Durbin RM,
Garrison EP, Kang HM, et al. A global reference for human genetic
variation. Nature. 2015;526:68-74.

42 Garani R, Watts JJ, Mizrahi R. Endocannabinoid system in psychotic
and mood disorders, a review of human studies. Prog Neuro-
psychopharmacol Biol Psychiatry. 2021;106:110096.

43 Nkam I, Ramoz N, Breton F, Mallet J, Gorwood P, Dubertret C.
Impact of DRD2/ANKK1 and COMT polymorphisms on attention and
cognitive functions in schizophrenia. PLoS One. 2017;12:e0170147.

44 He M, He H, Yang L, Zhang J, Chen K, Duan Z. Functional tag SNPs
inside the DRD2 gene as a genetic risk factor for major depressive
disorder in the Chinese Han population. Int J Clin Exp Pathol.
2019;12:628-39.

45 Zhang JP, Malhotra AK. Pharmacogenetics and antipsychotics:
therapeutic efficacy and side effects prediction. Expert Opin Drug
Metab Toxicol. 2011;7:9-37.

46 Liu YP, Ding M, Zhang XC, Liu Y, Xuan JF, Xing JX, et al. Association
between polymorphisms in the GRIN1 gene 5’ regulatory region
and schizophrenia in a northern Han Chinese population and haplo-
type effects on protein expression in vitro. BMC Med Genet.
2019;20:26.

47 Yang Y, Li W, Zhang H, Yang G, Wang X, Ding M, et al. Association
study of N-Methyl-D-Aspartate Receptor Subunit 2B (GRIN2B)
polymorphisms and schizophrenia symptoms in the Han Chinese
population. PLoS One. 2015;10:e0125925.

48 Guo Z, Niu W, Bi Y, Zhang R, Ren D, Hu J, et al. A study of single
nucleotide polymorphisms of GRIN2B in schizophrenia from Chinese
Han population. Neurosci Lett. 2016;630:132-5.

49 Ferretjans R, Souza RP, Panizzutti B, Ferrari P, Mantovani L,
Campos-Carli SM, et al. Cannabinoid receptor gene polymorphisms
and cognitive performance in patients with schizophrenia and con-
trols. Braz J Psychiatry. 2022;44:26-34.

50 Hahn LW, Ritchie MD, Moore JH. Multifactor dimensionality reduction
software for detecting gene-gene and gene-environment interactions.
Bioinformatics. 2003;19:376-82.

51 Gilbert-Diamond D, Moore JH. Analysis of gene-gene interactions.
Curr Protoc Hum Genet. 2011;Chapter 1:Unit1.14.

52 Ritchie MD, Hahn LW, Moore JH. Power of multifactor dimensionality
reduction for detecting gene-gene interactions in the presence of
genotyping error, missing data, phenocopy, and genetic hetero-
geneity. Genet Epidemiol. 2003;24:150-7.

53 Moore JH, Andrews PC. Epistasis analysis using multifactor dimen-
sionality reduction. Methods Mol Biol. 2015;1253.

54 Prats C, Arias B, Moya-Higueras J, Pomarol-Clotet E, Parellada M,
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