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Association of FAAH p.Pro129Thr and COMT p.Ala72Ser
with schizophrenia and comorbid substance use through
next-generation sequencing: an exploratory analysis
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Objective: Individuals with schizophrenia and substance use disorders have a poor prognosis and
increased psychiatric symptoms. The present study aimed to explore the association of 106 genes in
individuals with schizophrenia and comorbid substance use through a next-generation sequencing
(NGS) analysis and different in silico algorithms.
Methods: We included 105 individuals diagnosed with schizophrenia and a family history of
schizophrenia, of whom 49 (46.67%) presented comorbid substance use. Using NGS, we sequenced
106 genes previously associated with schizophrenia. Logistic regression models were used to assess
differences in allele frequencies, and a generalized gene-set analysis was performed at the gene level.
Functional annotations were performed using different algorithms and databases.
Results: We identified a total of 3,109 variants, of which 25 were associated with schizophrenia and
comorbid substance use and were located in regulatory and coding regions. We found low-frequency
variants in COMT p.Ala72Ser, independently of p.Val158Met, that were associated with substance use.
The endocannabinoid functional variant FAAH p.Pro129Thr was also associated with substance use.
Conclusions: Genetic variants of genes related to dopaminergic and cannabinoid neurotransmitter
systems were associated with comorbid substance use in schizophrenia. Nevertheless, more studies
with larger sample sizes are needed to confirm our findings.

Keywords: Dual diagnosis; next-generation sequencing; Mexican population; schizophrenia;
p.Pro129Thr FAAH; p.Ala72Ser COMT

Introduction

Epidemiological studies have shown a high comorbidity of
substance use in schizophrenia.1-7 Individuals affected by
this comorbidity present increased psychotic symptoms,
more severe psychiatric symptoms, a higher suicide risk,
and sometimes decreased treatment response.8-11 The
etiology behind this comorbidity has not been widely stud-
ied, although some explanatory models have emerged.12,13

One of these models is diathesis-stress, in which affected
individuals could have a higher genetic risk that prompts this
dual morbidity under stressful conditions.12 Genomic studies
aiming to determine the molecular basis of this comorbidity
have focused on common genetic variations, considering

variants with a population minor allele frequency (MAF)
4 1% and one phenotype in substance use disorder or
schizophrenia. These studies have identified correlations
between the genetic risk of schizophrenia and substance
use and have selected genetically correlated loci as a proxy
for the genetic risk of comorbidity.14-18 Schizophrenia-asso-
ciated loci are highly correlated with substance use, and
individuals with a higher genetic risk also have a higher
prevalence of schizophrenia according to genetic risk scores
(i.e., the score is estimated by the schizophrenia-associated
variants an individual carries, pondered by the estimated
effect in genome-wide association studies).17,19 Therefore,
the variants used to define the genetic score for schizo-
phrenia are also of great interest due to their association
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with comorbid substance use. Additionally, higher genetic
scores have been associated with the severity of both posi-
tive and negative schizophrenia symptoms. Thus, schizo-
phrenia research that correlates substance use and
schizophrenia symptoms could help us define the char-
acteristics most closely associated with these variants.

The heritability of schizophrenia and comorbid sub-
stance use has been evaluated through genome-wide
association studies that have analyzed common genetic
variants.20 However, since they characterize only a small
proportion of heritability, it is a phenotype with large
‘‘missing heritability.’’21-23 Furthermore, most genome-wide
association studies cannot account for all worldwide
variation. Rare genetic variants have also been proposed
as part of this missing heritability,24 and exploring allele
differences among populations is more likely to detect
population stratification and pinpoint relevant variants.
Rare or population-specific variations can be detected by
next-generation sequencing (NGS).25 A previous limitation
of rare variant detection by NGS was the lack of popu-
lation-based references to compare allelic frequencies.
This limitation has been overcome by international studies,
including the Genome Aggregation Database (GnomAD).25

The GnomAD can be used as reference to determine
whether a genetic variant found in a particular phenotype
by NGS is rare in the population in order to estimate its
possible effect. The aims of the present study were: 1) to
use NGS to explore common and rare genetic variations of
106 genes previously associated with schizophrenia; 2) to
explore the association of these genetic variations with
schizophrenia and comorbid substance use; and 3) to
identify whether these genetic variations are potentially
associated with clinical data such as positive or negative
symptoms and age of onset in a sample of Mexican
individuals diagnosed with schizophrenia.

Methods

Population

A total of 105 individuals were included in the present
study. We only included individuals diagnosed with
schizophrenia who also had a first-degree relative (parents
or siblings) affected with schizophrenia. All participants had
to be of Mexican descent for at least three generations.
The participants were recruited at the Hospital Regional de
Alta Especialidad Dr. Gustavo Rivirosa Perez and at the
Grupo de Estudios Médicos y Familiares Carracci. The
participants were evaluated using the Diagnostic Interview
for Genetic Studies, and the diagnosis was determined by
two psychiatrists using the mean of the best estimate. The
diagnostic criteria were based on the DSM-IV-R. Comorbid
substance use was defined as any of the following criteria:
1) illegal drug abuse/dependence; 2) alcohol abuse/depen-
dence; and/or 3) tobacco abuse/dependence (Table 1). All
105 participants met the criteria for schizophrenia, and 49
also presented comorbid substance use.

Next-generation sequencing

Genomic DNA was extracted from peripheral leukocytes
using a Gentra Puregene kit (QIAGEN, Germantown, MD,

USA). Synthetic probes for NGS were designed to target
genes associated with schizophrenia. This gene panel,
which has been previously described by our group,26

included genes that encode all the dopaminergic, seroto-
ninergic, and GABAergic receptors, as well as enzymes
involved in the synthesis of these neurotransmitters. Gene
capture was performed using a HaloPlex target enrichment
system (Agilent Technologies, Wilmington, DE, USA).
Sequencing libraries were generated according to manu-
facturer protocols. In short, all DNA samples were digested
with eight-paired restriction enzymes and the fragmenta-
tion pattern was analyzed in a 2100 Bioanalyzer (Agilent
Technologies). DNA fragments were hybridized with Halo-
plex synthetic probes for library enrichment, and adapters
were ligated by polymerase chain reaction. The sequen-
cing was performed using a NextSeq500 system (Illumina,
San Diego, CA, USA) aiming for a depth coverage of 200x
in paired-end reads. For sequence quality control we used
Trimmomatic to eliminate reads with poor quality scores
(Phred-QS o 25.0). According to general practice, lengths
shorter than 55 bp, indexes, adaptors, and 5 bp at both
read ends were trimmed. We then aligned the reads to the
human genome (build: GRCh37/hg19) using BWA. InDel
realignment, base recalibration, and variant calling were
performed following best practices for GATK. Haplotype-
Caller was used for single-nucleotide variant (SNV)
detection.

Statistical analysis

Allele frequency comparisons between individuals with
comorbid substance use and those with schizophrenia
alone were performed with a logistic regression model
using PLINK (i.e., variant level analyses).27 Single nucleo-
tide polymorphism-wise generalized gene-set analyses
were performed using MAGMA software.28 For the latter,
we assessed statistical power using PAGEANT29 for an
alpha of 0.05 and a power of 45.2%. We considered
p-valueso 0.05 for genetic variants statistically significant.
Significant variants were functionally annotated using the
ENCODE database30 and GnomAD.25 We used a variant
effect predictor to define coding frames and allelic

Table 1 Clinical characteristics of the sample

Sample
(n = 105)

Sex
Male 62 (59.05)
Female 43 (40.95)

Scale for the Assessment of Negative Symptoms 36.85 (34.38)
Scale for the Assessment of Positive Symptoms 16.05 (26.03)
Age (years), mean (SD) 33.28 (9.09)
Schizophrenia onset (years), mean (SD) 9.76 (13.75)
Substance comorbidity 49 (46.67)
Alcohol abuse/dependence 42 (40.00)
Tobacco abuse/dependence 33 (31.43)
Cannabis abuse/dependence 2 (1.90)
Cocaine abuse/dependence 5 (4.76)
Stimulant abuse/dependence 4 (3.81)

Data presented as n (%), unless otherwise specified.
SD = standard deviation.
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frequencies.31 We developed an in-house script to search
for continuous associated variants (peak of associations) in
each regulatory region. 3’-UTR variants were searched in
the MirSNP database32 for potential microRNAs binding
sites, and pathway enrichment was conducted using
miRPath.33 Finally, we developed complementary linear
regression models to identify potential associations between
clinical data, including positive and negative symptoms
(measured by the Scale for the Assessment of Positive
Symptoms and the Scale for the Assessment of Negative
Symptoms), as well as the age of disease onset. The
associations were also evaluated in PLINK for variant level
analysis and in MAGMA for gene-set analysis; genetic vari-
ants with p o 0.05 were considered statistically significant.

Ethics statement

Every participant provided written informed consent prior
to inclusion. All protocols were performed according to
Declaration of Helsinki guidelines. The protocols were
revised and approved by the ethics and research
committees of the Instituto Nacional de Medicina Genó-
mica (no. IMG/DI/136/2014).

Results

Next-generation sequencing summary

We identified 3,109 genetic variants in 106 genes. Of
these, 2,855 were SNVs and 254 were short insertion/
deletion variants. Of the SNVs, 2,773 (89.19%) were
intronic and 336 were exonic. Of the exonic variants,
only 80 (2.57%) were missense variants and nine were
predicted to be damaging; 308 (9.91%) were annotated
as regulatory and 78 (2.51%) were novel variants (not
previously reported). The genes with the highest number
of novel variants were CYP2D6 (n=4) and CYP2D7 (n=4).
We also observed that the extremely rare missense
variant p.Ser1767Asn was overrepresented (sample
MAF = 0.09) in the TET2 gene (ENST00000540549.1,
MAF = 6.4e-06).

Gene-based associations with substance use

In the gene-based analysis, we identified seven genes
associated with substance use in individuals diagnosed
with schizophrenia: catechol-O-methyltransferase gene
(COMT) (z = 1.8666, p-value = 0.0309), cannabinoid
receptor 1 gene (CNR1) (z = 2.7928, p-value = 0.0026),
dopamine transporter gene (SLC6A3) (z = 1.7823,
p-value = 0.0374), flavin containing dimethylaniline mono-
oxygenase 2 gene (FMO2) (z = 1.7443, p-value = 0.0406),
potassium voltage-gated channel subfamily H member 2
gene (KCNH2) (z = 2.2480, p-value = 0.0123), monoamine
oxidase B gene (MAOB) (z = 2.8369, p-value = 0.00223),
and thiopurine S-methyltransferase gene (TPMT) (z =
1.7962, p-value = 0.0362). Pathway analysis showed that
these genes were enriched for dopamine clearance from the
synaptic cleft (hsa-379401, adjusted p-value = 0.0000). The
pathway involves four genes (SLC6A3, MAOB, TPMT and

COMT) and we found that two of them were associated with
substance use.

Variant level and functional analysis

The intron variant rs2119767 in the GABRA2 gene
(ENST00000510861.1) showed the strongest association
with substance use. The MAF in individuals with schizo-
phrenia and comorbid substance use was 0.5957, while in
schizophrenia alone it was 0.3021 (p = 7.303e-05); no
regulatory element has been reported for this variant.

We also found three missense variants associated with
substance use, p.Pro129Thr in the fatty acid amide
hydrolase gene (FAAH), FMO2 p.Glu314Gly, and COMT
p.Ala72Ser (Table 2). The FMO2 and COMT genes were
also significantly associated in the gene-based analysis.
COMT p.Ala72Ser was not in linkage disequilibrium com-
pared with the most studied missense common genetic
variant in COMT, p.Val158Met (r2 = 0.0466), and this
variant was not associated with substance use in our
study (p-value = 0.0785).

We found 22 variants associated with substance use
in annotated regulatory elements (Table 3): nine were
annotated to CCCTC-binding factor (CTCF) or trans-
cription factor binding sites, nine were annotated to
microRNAs binding sites, one was annotated to open
chromatin, and two were annotated to promoter-asso-
ciated variants. Variants associated with CTCF binding-
sites were found in SLC6A3 and KCNH2; both genes
were also identified in gene-based analyses. The asso-
ciated promoter variants were found in the NRG1 gene.

Variants significantly associated with substance use
that were annotated to microRNAs were clustered in fatty
acid biosynthesis (hsa00061, p-value o 1.8337e-14) and
Parkinson’s disease (hsa05012, p-value o 2.1126e-05)
pathways. The microRNAs hsa-miR-182-5p and hsa-miR-
1293 were associated with the fatty acid biosynthesis
pathway. They were bound to the 3’-UTR regions in the
FMO2 gene and the solute carrier organic anion trans-
porter family member 3A1 (SLCO3A1). hsa-miR-583 has
been related to the Parkinson’s disease pathway and
seems to be enriched at the 3’-UTR of MAOB, a gene
associated with substance use in this genetic analysis.

Genetic association with schizophrenia and clinical data

To determine whether the genetic variants linked to
substance use were also associated with schizophre-
nia symptoms, we developed regression models that
accounted for clinical data, including positive and nega-
tive symptoms and age of onset. We found that positive
symptoms were significantly associated with the variants
rs61759708 of ADRA1A (Beta = 25.68, p-value = 1.69e-
06) and rs17333700 of ADRA1A gene (Beta = -6.593, p-
value = 1.31e-05). Negative symptoms were significantly
associated with rs9147 and rs2088102 variants of the
AKR1A1 gene (Beta = 17.21, p-value = 4.79e-05, and
Beta = 16.92, p-value = 1.68e-05). On the other hand,
variants rs12901528 and rs12901348 of the GABRB3
gene were significantly associated with age of onset (Beta
= 3.08, p-value = 2.75e-04 and Beta = 3.00, p-value =
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3.87e-04). There was a significant association between
these six variants and schizophrenia symptoms or age of
onset, but not substance use. In contrast, the variants
rs73234136 and rs7834206 of NRG1 were significantly
associated with age of onset in regression models for
schizophrenia and comorbid substance use.

Discussion

The genomics of schizophrenia and substance use have
mostly focused on one phenotype, and their co-occur-
rence has not been fully investigated. We investigated the
potential association of schizophrenia and comorbid
substance use in 106 schizophrenia-associated genes
through targeted NGS. Our results revealed that this
comorbidity has an association with genes related to the
dopamine clearance pathway, including SLC6A3, MAOB
and COMT. This is in agreement with a study that
reported an acute increase of dopamine neurotransmis-
sion in the striatum in the presence of addictive drugs.34

On the other hand, the main effects of addictive drugs
show three major mechanisms: 1) neural firing; 2) reup-
take mostly by the dopamine transporter; and 3) altered
dopamine release. We inferred that the variants we
identified in these three genes are associated with at
least two of the above-mentioned mechanisms: dopamine
transporter reuptake is associated with SLC6A3 gene,
while dopamine release is associated with MAOB and
COMT genes. It is well known that the SLC6A3 gene
codes for the dopamine transporter; however, there is
conflicting evidence regarding the transporter and its
relation to substance dependence.35-39 Some authors
have proposed that these conflicting associations are due
to the genetic position of the variants, since some are
located in the first exons while others are in the 3’-UTR
region, which affects either expression or proper trans-
cription, hence the functional effect of the protein.35 Our
targeted sequencing approach was capable of detecting
genetic variations across whole genes due to the fact that
we included at least 50 bp of untranslated regions for
sequencing. The association between substance use and
intron 6 of SLC6A3 has been reported to have a regu-
latory impact, promoted by the union of transcriptional
repressor CTCF. CTCF is a zinc finger protein that acts
as an insulator, mediating chromatin looping and attract-
ing a diversity of tissue-specific transcription factors.40

Other CTCF binding sites associated with substance use
variants were found in introns 2 and 3 of KCNH2, a key
gene associated with long QT syndrome. Although this
gene has not been associated with addictive drug use, it
has been reported to be involved in schizophrenia and
cognition.41

Our regression analysis detected variants in the COMT
and MAOB genes that are associated with schizophrenia
and comorbid substance use. We hypothesized that
those variants could affect dopamine release, because
both COMT and MAOB genes code for the enzymes
involved in dopamine degradation.42-45 We observed a
variant of low allele frequency in COMT, p.Ala72Ser (MAF:
0.0136), and it was not in linkage disequilibrium with
COMT p.Val158Met, one of the most studied variants.46

It is possible that there are only a few reports about the
variant p.Ala72Ser, since it is not always present in com-
mercial microarrays. Thus, it has not been previously
associated with psychiatric disorders, which highlights
the relevance of NGS technology to better characterize
diseases. Similarly, the MAOB gene, which also codes for
an enzyme involved in dopamine catabolism, was asso-
ciated with substance use and was present in the 3’-UTR
region, showing a global MAF of 0.02 to 0.05. It is likely
that this gene has also been underexplored. The mechan-
isms by which this variant may impact MAOB function and
expression and ultimately alter dopamine catabolism in
psychiatric disorders remain unknown and warrant further
investigation.

The substance use analysis revealed that variants with
microRNA binding-sites could be associated with micro-
RNAs involved in the modulation of fatty acid biosynth-
esis. Fatty acid modulation has been related to addiction,
especially cannabis dependence.47-49 Previously reported
associations have focused on how the FAAH gene affects
the metabolism of cannabinoids. FAAH was first descri-
bed as the enzyme responsible for metabolizing endo-
genous fatty acid amines, including anandamide.50

Anandamide is an agonist of cannabinoid receptor 1
(CNR1), another gene found to be associated with
substance use in this study. We found an association
between the variant FAAH p.Pro129Thr, a functional
missense variant, with substance use in individuals with
schizophrenia. This variant, which has been previously
associated with cannabis dependence,51 promotes a
reduction in FAHH activity, consequently enhancing the
endocannabinoid system.51-53 It has also been associated
with alcohol and cocaine addiction,47 which indicates that
this gene has a pleiotropic effect in addictive behavior.

We are aware of the limitations of our study given its
sample size. For example, the statistical power for genetic
associations was estimated to be around 50%, which
prompted us to classify our observations as preliminary.
Thus, we are working on increasing the sample size and
recruiting a replication cohort to confirm these associa-
tions. Nevertheless, we obtained NGS data with 4 100x
sequencing depth, which has contributed to the collection
of genetic variants in admixed psychiatric individuals.
Despite the small power of this initial study, using NGS to
search for associations of variants present in schizo-
phrenia-associated loci could help better characterize
variants and replicate them in other samples as a fine-
mapping approach. Additionally, we found genetic var-
iants that have scarcely been studied. Moreover, the
association of at least six variants in four genes could
improve our understanding of schizophrenia with comor-
bid substance use by including variants functionally
relevant to this clinical phenotype.54 The lack of a non-
psychotic group prevented us from detecting genetic
variants associated exclusively with substance use;
nevertheless, since we included variants previously
associated with schizophrenia, we were able to determine
whether these variants were associated with subtraits of
individuals diagnosed with schizophrenia (substance use,
positive and negative symptoms, etc.). To further explore
this, we developed additional regression models to
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identify potential associations with positive-negative symp-
toms, as well as with the age of schizophrenia onset, which
may or may not be associated with substance use in
individuals with schizophrenia. Interestingly, none of the
variants significantly associated with substance use were
associated with positive or negative symptoms of schizo-
phrenia; although we identified variants of the NRG1 gene
relevant to age of schizophrenia onset that were present in
the associations with substance use.

In conclusion, we found an association between vari-
ants in genes of the dopamine (SLC6A3, MAOB, and
COMT) and cannabinoid pathways (CNR1 and FAAH) in
individuals with schizophrenia and comorbid substance
use. We consider our observations preliminary and will
seek to validate them through replication in a larger
sample.
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