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Abstract: Genetics intersects with environmental, cultural, and social factors in the development of
addictive disorders. This study reports the feasibility of whole-exome sequencing of trios (subject
and two family members) to discover potential genetic variants in the development of substance
use disorders (SUD). Family trios were recruited from the National Addictions Management Service
in Singapore during the 2016-2018 period. Recruited subjects had severe alcohol use disorder
(AUD) or opioid use disorder (OUD), with nicotine dependence (ND) and a family history of ad-
dictive disorders. Demographic characteristics and severity of addiction were captured. Whole-ex-
ome sequencing (WES) and analysis were performed on salivary samples collected from the trios.
WES revealed variants in several genes in each individual and disruptive protein mutations in most.
Variants were identified in genes previously associated with SUDs, such as Pleckstrin homology
domain-containing family M member 3 (PLEKHMS3), coiled-coil serine-rich protein 1 (CCSER1),
LIM and calponin homology domains-containing protein 1 (LIMCHI), dynein axonemal heavy
chain 8 (DNAHS), and the taste receptor type 2 member 38 (TAS2R38) involved in the perception
of bitterness. The feasibility study suggests that subjects with a severe addiction profile, polysub-
stance use, and family history of addiction may often harbor gene variants that may predispose
them to SUDs. This study could serve as a model for future precision medicine-based personalized
interventional strategies for behavioral addictions and SUDs and for the discovery of potentially
pathogenic genetic variants.

Keywords: alcohol-dependence; substance use disorders; whole-exome sequencing; cohort pilot
study; family trios

1. Introduction

Substance abuse is a leading cause of mortality and morbidity. The World Drug Re-
port 2019 shows that around 5.5% of the world’s population aged 15-64 years used drugs
in the preceding 12 months [1]. When it comes to the most serious impact of substance
abuse, over 47,000 deaths were reported in 2017 due to opioid overdose in the United
States alone, a 13% increase compared to the previous year [1]. Alcohol abuse accounted
for ~3 million deaths in 2016, with over 2.7 billion estimated users aged 15 or above [2].
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Approximately 1.1 billion people across the globe are current smokers, and smoking is
estimated to kill 8 million people every year [3]. National-level, cross-sectional studies in
Singapore have reported smoking prevalence to 16.1% of the population, with ~3.3%
showing a dependence on nicotine [4]. Approximately 2500 deaths/year among smokers
and 250 deaths among non-smokers are attributable to tobacco use [5]. A population-level
study in Singapore showed that the lifetime prevalence of alcohol use and dependence
were 4.1% and 0.5%, respectively [6].

Additionally, epidemiological evidence links smoking to psychiatric conditions and
illicit substance use [7]. Almost three-quarters of illicit substance users reported current
smoking with higher odds of smoking among polysubstance users [8]. In general, the risk
of death is higher among polysubstance users compared to the general population ac-
counting for both somatic diseases (58% vs. 28%, respectively) and overdose-related
deaths (33% vs. 9%, respectively) [9]. A retrospective analysis of unnatural death among
treatment-seeking substance abusers in Singapore showed a large proportion of suicides
among subjects abusing alcohol and opiates [10]. Apart from the pervasive effects on an
individual’s life, health, and health care utilization, substance misuse also impacts society
and the economy [11]. Thus there is a pressing need for an in-depth understanding of the
factors that contribute to the development of addiction and identify counter-strategies.

Among the affected, substance use starts at an early age and gradually develops into
substance use disorder (SUD). Age of onset depends on the substance of abuse and several
other factors such as availability, cultural precepts, and genetics. Discordant twin studies,
for example, show that familial influences determine the variations in the age of onset for
various substances [12]. The early age of onset of one substance, however, is causally
linked to the initiation of a second substance and is a risk factor for SUD and the psycho-
logical consequences. Bierut et al., in their pioneering work, demonstrated that siblings of
alcohol-dependent subjects have elevated rates of development of alcohol, cocaine, and
marijuana dependence compared to siblings of controls [13]. A lifetime diagnosis of alco-
hol dependence (AD) was observed in 49.3-50.1% of brothers and 22.4-25% of sisters
showing a strong familial aggregation. Twin studies of monozygotic or dizygotic twins
over the years also suggest a heritability of 50-70% for developing dependence [14]. For
example, a Swedish national-level study on AUD among twins collating data from medi-
cal pharmacy and criminal registries showed a heritability of 57% among males and 22%
among females, respectively [15]. Finally, meta-analyses also showed substance-depend-
ent heritability that ranges from 33-71% for ND, 48—-66% for AD, 42-79% for cocaine [16],
and 23-54% for opioids [17]. Given this evidence on familial segregation, numerous stud-
ies have been conducted since 2005 to identify putative candidate genes in addictive dis-
orders [14].

Past genome-wide association studies (GWAS) have revealed at least 8 genetic loci
for AUD, 11 for ND, and 2 for illicit drugs that showed a significant association with drug
dependence across populations [14]. Although past GWASs have uncovered a number of
single nucleotide polymorphisms (SNPs), many are in the noncoding regions and may not
give an insight into the biological mechanisms affected in the context of the SUD. Alt-
hough a large number of putative candidates from genomic studies exist, only a few
genes, such as the alcohol dehydrogenase gene ALDH2 and ADH1B in AUD, two nico-
tinic acetylcholine receptor subunit genes CHRNAS5, CHRNB4 in ND, and OPRM1 in opi-
oid use disorder (OUD) have been examined extensively with respect to the potential neu-
ral circuits impacted using animal models [18] and the molecular mechanisms affected.
Moreover, the variants discovered in GWAS at present are proposed to explain less than
10% of the dependence, necessitating further work and exploring other strategies [19].
One additional route is whole-exome sequencing or WES, typically of trios of a family
(subject + parents/siblings). WES has been employed successfully to explore the medical
genetics of a number of disorders using such an approach [20] and is considered a prom-
ising route to understand the genetic vulnerability related to SUD [19,21].
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Previous studies have also shown that it is possible to successfully apply WES to
identify the pathogenic variants in multi-genic complex disorders such as mental illness
and hypertension through the deep sequencing of a few individuals or family trios [20].
However, it has not yet been applied to study genetic factors associated with SUD in spe-
cific populations. The feasibility of applying such a strategy in the Singapore context, spe-
cifically for the study of the development of dependence, also lacks precedence. In partic-
ular, how the sociological, familial, and psychological challenges that subjects with SUD
face in the local context impacts the implementation of such a strategy is unclear [22]. Our
study explored the feasibility of conducting WES in the treatment-seeking population at
the National Addictions Management Service (NAMS) Clinic of Singapore with the intent
of identifying potential pathogenic variants, candidate genes, and the challenges in con-
ducting such an exercise when constructing SUD treatments. This feasibility analysis
study suggests that recruitment can be challenging, but it identifies steps that can be taken
to improve participation in future large-scale studies. It also informs on the likelihood of
finding potential pathogenic variants by WES of family trios.

2. Materials and Methods
2.1. Participants

This cross-sectional study recruited treatment-seeking individuals and two family
members from the NAMS and was conducted in the period of December 2016 to October
2018. Five family trios were recruited from the outpatient clinics or inpatient wards during
the study period. The patient was asked to identify two of his family members who would
be willing to take part in the study. The selected family members were approached for the
study. Those family members who were willing were recruited to the study regardless of
their substance use status. The study followed the protocol approved by the Domain Spe-
cific Review Board (DSRB Ref: 2016/01111). Written informed consent was also taken from
all the participants.

2.2. Eligibility Criteria

The study recruited participants above the age of 21 years. Subjects were enrolled in
the study if they had a Diagnostic and Statistical Manual of Mental Disorders, 5th Edition
(DSM-5) diagnosis of AUD or OUD together with ND. In order to increase the chances of
finding a polymorphism, subjects with higher severity of addictions were recruited. As
such, subjects with a DSM-5 score of 8 or above were enrolled in the study. Other eligibil-
ity criteria included a self-reported family history of any type of addiction, willingness to
enroll in the study with two immediate, genetically related family members (specifically,
parents, grandparents, children, or siblings whose genetic relationship could be verified).
Subjects who could not read English or had a diagnosis of bloodborne diseases (Hepatitis
B, Acquired ImmunoDeficiency Syndrome, etc.) were excluded from the study.

2.3. Data Collection

The data collection forms captured basic socio-demographic information that in-
cluded age, gender, education, ethnicity, nationality, and marital status. Other question-
naires used in the study are described below.

2.4. Substance Use Data Collection
2.4.1. Alcohol Use Disorder and Opioid Use Disorder

DSM-5 was used to screen potential participants. Those who scored above 8 were
included in the study. DSM-5 was administered to all five subjects who were patients reg-
istered with the addiction clinic and not their family members.
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2.4.2. Nicotine Dependence: Fagerstrom Test for ND

This 6-item questionnaire measures the quantity, compulsion to use, and physical
dependence on nicotine. The items will add up to a score between 0 and 10. A score of 2
or less is considered low dependency; 3—4 is low-moderate, 5-7 is moderate dependency,
and 8 or above is high dependency. The questionnaire was administered to all the partic-
ipants.

2.4.3. The Severity of Addiction

The Addiction Severity Index-Lite [23] (ASI lite) measures the severity of addictions
in 6 domains: drug and alcohol use, employment, legal, medical, family/social, and psy-
chiatric. A composite score is calculated for individual domains. The scores range from 0
to 1. A score of 0 indicates ‘no problems’, and 1 indicates ‘higher severity of problems’.
Higher scores for all the individual domains indicate severe problems, except for the em-
ployment domain, where a higher score shows the strength of the employment. The scale
was administered to all the participants.

2.4.4. Alcohol Use Disorder Identification Test (AUDIT)

AUDIT is a 10-item self-reported measure to capture the alcohol use patterns and
problems. The scores range from 0 to 40. A score of 8 or more is indicative of hazardous
drinking, and a score of 20 and above indicates high risk of alcohol dependence that re-
quires further clinical/diagnostic evaluation. All the participants answered this question-
naire.

2.4.5. Collection of Saliva Samples

Saliva samples were collected from subjects and family members using Oragene
DNA collection kits (Oragene 500, DNA Genotek, ON, Canada). The samples were trans-
ported in ice buckets to the laboratory, where DNA was extracted following the manufac-
turer’s instructions, and WES was conducted.

2.4.6. Whole Exome Sequencing

The entire process and the pipeline used in exome sequencing are shown in the
graphical abstract.

2.4.7. Exome Capture and Sequencing

Exome sequencing libraries were constructed using the DNA extracted from the sa-
liva samples (Figure 1). Agilent Technologies SureSelectXTTM, All Human ExonV6 Kit
with a coverage of 70 Mb of the human genome (GRCh37/hg19), was used to capture the
exomes. The kit provides 99% coverage of RefSeq, CCDS, GENCODE, HGMD, OMIM ex-
ons, as well as some flanking splice junction sequences. The enrichment strategy included
hybridization using RNA probes followed by amplification and purification using Am-
pure XP reagent (Agencourt, Boston, MA, USA). The libraries were quantified using a
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and sequenced using lon
Chef SystemTM and Ion Proton instrument (Life Technologies, Carlsbad, CA, USA). Ap-
proximately 170x coverage sequences for each individual were obtained, which allowed
us to call even heterozygous alleles with high confidence.
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Figure 1. Two examples of candidate gene sequences from (A) Trio 2 and (B) Trio 4. Reference genomic sequences with
the amino acid sequence are shown on top. The variants in subjects are highlighted by a green marker. (A) The family
member who shared the subject’s genotype in Trio 2 also had higher scores in the severity of dependence. (B) The subject
was homozygous for a variant that both parents (Family members #1 and #2) were heterozygous for.

2.4.8. Identification of Variants and Filtering of Common and Family-Specific Variants

This process was conducted as previously described by one of the authors [24].
Briefly, sequence reads of each individual were aligned to the human reference sequence
(GRCh37/hg19) using the Torrent Mapping and Alignment (TMAP v5.6) program and
variants consisting of single nucleotide polymorphisms (SNPs), insertions, or deletions
were called using the Torrent Variant Caller (TVC v5.6.0) and imported into the Ion Re-
porter (v5.6) for annotation. Each variant is annotated with the associated gene, location,
quality score, coverage, predicted functional consequences, protein position, and amino
acid changes using the standard HGVS (www.hgvs.org, accessed on 5 April 2020) se-
quence variant nomenclature. In addition, the phyloP score was used to assess the rate of
evolutionary conservation of each variant. The annotated variants of the trios were com-
bined together according to their Mendelian mode of inheritance. The modes of Mende-
lian inheritance that were assessed included the autosomal dominant model, autosomal
recessive model, compound heterozygous model, and X-linked inheritance model. Vari-
ants that are common and present in greater than 1 percent in the population were re-
moved using the NCBI's ClinVar “common and no known medical impacts” database,
the Exome Aggregate Consortium (ExAC), Genome Aggregate Database (gnomAD) and
the UK10k project (Figure 1). The unaffected family members (“filter by inheritance
model”) were compared against the subject, which is a powerful filter that removes com-
mon variants in the family. The variants with known genotype to phenotype associations
were annotated using the Online Mendelian Inheritance in Man (OMIM) database
(http://www.ncbi.nlm.nih.gov/omim accessed on 5 Apr 2020). If no disease phenotype in-
formation is available in OMIM, DisGeNet (www.disgenet.org accessed on 5 Apr 2020)
was used to find the strongest association of a known phenotype with the gene. The func-
tional consequences of the variant were predicted using prediction tools such as SIFT,
PolyPhen-2, and M-CAP. A variant is classified as “deleterious”, “damaging”, or “patho-
genic” based on these scores. The American College of Medical Genetics and Genomics
(ACMG) and Association of Molecular Pathology (AMP) sequence interpretation guide-
lines were adopted to classify variants into five standard terminology categories “patho-
genic”, “likely pathogenic”, “uncertain significance”, “likely benign”, or “benign”. The
variants were Sanger sequenced to confirm and to validate if they segregate with the dis-
ease. This helped us to narrow down the candidate list to one or two potential causative
variants. The selection of the final candidate variant/gene(s) was done in consultation and
discussion among the bioinformaticians, geneticists, and clinicians.
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2.5. Data Analysis

A descriptive analysis was performed using IBM SPSS Statistics for Windows, Ver-
sion 21.0. (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Demographics

The socio-demographic characteristics of the trios are described in Table 1. The sam-
ple for this pilot study consisted of five trios—one subject and two family members per
subject (n =15). In all cases, it was the subject and two parents, except for Trio #2 and #5,
who had a subject, one parent, and a sibling. Three subjects had a diagnosis of AUD and
the other two of OUD (Table 1). While the subject self-reported family history of addiction,
family members recruited for the study were not formally diagnosed. Only their scores
on surveys are reported (Table 2). Among the five subjects reported here, three were
males, and two were female.

Table 1. Socio-demographic characteristics of the study participants. The formal diagnosis was
performed only for the subjects.

Subject ID Diagnosis Age Gender Marital Ethnicity Employment Education
Status Status
Diploma/Pre-
OuD 32 M Single Malay Unemployed U/Higher
Diploma
Trio 1 . Secondary
- 60 F Married  Malay Unemployed School
. Secondary
- 62 M Married  Malay Unemployed School
AUD 44 F Married Indian Employed  Secondary school
Trio 2 - 68 F Married Indian Employed Primary school
- 49 M Married Indian Employed Secondary
AUD 22 M Single  Indian = Unemployed Secondary school
Diploma/Pre-
Trio 3 - 53 F Married Indian Employed U/Higher
Diploma
- 56 M Married Indian Employed Degree/above
AUD 21 F Single  Chinese = Unemployed  Degree/above
Trio 4 - 54 F Married Indian  Unemployed Secondary school
- 67 M Married Chinese  Unemployed  Primary school
OouD 38 M Married Chinese  Unemployed  Primary school
Trio 5 - 65 F  Widowed Chinese Employed Secondary
- 35 F Married Chinese  Unemployed  Degree/above

Table 2. Addiction severity scores for seven critical domains.

Sub]'.ect . Legal Family/Social Psychiatric
IDlolzilzgn Medical Employment Alcohol Drugs Status Relationships Status
) 0.70 * 0.50 0.00 0.23 0.100 0.37 0.56
Triol 500 1.00 000 000  0.000 0.10 0.00
(OUD)
0.00 0.75 0.00 0.00 0.000 0.10 0.00
Trio 2 0.74 0.37 0.85 0.00 0.20 0.57 041
(AUD) 0.00 0.55 0.15 0.00 0.00 0.15 0.30
0.00 0.76 0.45 0.00 0.00 0.00 0.00
Trio 3 0.71 0.50 0.37 0.00 0.00 0.75 0.74
(AUD) 0.00 0.75 0.00 0.00 0.00 0.00 0.00

0.00 0.25 0.00 0.00 0.00 0.20 0.00
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Trio 4 0.00 1.00 0.35 0.15 0.30 0.29 0.30
(AUD) 0.03 0.50 0.00 0.00 0.00 0.20 0.00
0.00 0.50 0.00 0.00 0.00 0.20 0.00
Trio 5 0.00 0.63 0.00 0.21 0.00 0.20 0.00
(OUD) 0.00 1.00 0.00 0.00 0.00 0.20 0.00
0.00 0.75 0.01 0.00 0.00 0.20 0.00

* A higher score indicates a higher severity except for employment; 0 indicates no problems, and 1
indicates higher severity of problems.

3.2. Substance Use Characteristics

The main substance abused by the subjects with OUD included methadone, heroin
(Trio #1), codeine, and nitrazepam (Trio #5). The AUDIT scores for the subjects with AUD
were 30 (Trio #2), 32 (Trio #3), and 25 (Trio #4). The subjects, Trio #2, #3, and #4, were in
the high-risk alcohol consumption category as indicated by the ASI score in Table 2. The
severity of alcohol-related problems for various ASI domains showed that the subject in
Trio #2 had a higher severity of problems (medical, family/social, and psychiatric do-
mains) than the subject in Trio #3, who showed higher severity of problems than Trio #4.
Trio #1 had a higher severity of OUD than Trio #5 in all domains. All subjects with SUD
showed moderate ND. None of the family members had ND or a diagnosis of addictive
disorders. The family members of Trio #2 showed higher addiction severity (alcohol and
psychiatric domains) compared to the family members of Trio #3 and Trio #4 (Table 2).
The family member of Subject 2 (Trio #2; 49-year-old, Male, Table 1) was 13, indicating
risky or hazardous alcohol use.

3.3. Genetic Analysis

Salivary samples were collected from the trios for genetic analysis after meta-data
collection. WES was performed as described in the methods section. After the WES, we
used the strategy described in the methods to filter out polymorphisms that might either
be common in the population or those present in the family members (without presenta-
tion of the phenotype). A number of polymorphisms, both homozygous and heterozy-
gous, were discovered in each of the subjects. These are described as dele-
tions/frameshifts/insertions/SNVs as inherited or de novo in Supplementary Table S1. We
reasoned that as limited information was present on the genomic variants in Singaporean
sub-populations (at the time we performed this study), excluding variants present in fam-
ily members who do not share the phenotype with the subject will be an effective method
to narrow down the list of candidate variants as previously used to identify candidate
genes in congenital disorders [24]. After the application of the pipeline of analysis de-
scribed in the method, an additional step of refinement was to use the recently developed
human gene damage index and EvoTol [25]. Both the EvoTol and gene damage index use
genome-wide, a gene-level metric of the mutational damage, to assess function disruption
and can help in rank ordering target genes with mutations that can impact protein func-
tion [25]. Finally, we examined the literature of human genetic studies. Shortlisted candi-
dates that did not meet all these criteria are shown in Supplementary Table S2. Based on
this strategy, we discovered five different candidate genes in the pilot study subjects.
These included mutation in Pleckstrin homology domain-containing family M member 3
(PLEKHM3), coiled-coil serine-rich protein 1 (CCSER1), LIM and calponin homology do-
mains-containing protein 1 (LIMCH1), taste receptor type 2 member 38 (TAS2R38), and
dynein heavy chain 8 (DNAHS). A few of these genes have been previously associated
with substance use with differing degrees of confidence (Table 3). Table 4 shows sequence
variations observed in the subjects in these genes along with the pathogenicity predictions
in the form of CADD scores and the American College of Medical Genetics and Genomics
(ACMG), and the Association for Molecular Pathology (AMP) recommended standard
terminology of the variants [26]. Among these, the same variants in the TAS2R38 gene
were found in both Subjects 4 and 5, who are genetically unrelated. These polymorphisms,
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though categorized as benign, are allelic variants of the gene that have been previously
associated with increased alcohol consumption and decreased bitterness perception [27].

Table 3. Genes functionally disrupted in the five subjects and associated with SUD in previous
studies; HGNC: Hugo Gene Nomenclature Committee.

References
Diagnosis Gene Known Disease élzri(en’:f gllJl:;
of the Svmbol Common Name Function HGNCID (Based on in Human
Subject y DisGeNET) )
Genetic
Studies
Pleckstrin Muscle
OUD +ND PLEKHM homolpgy doméin- differentiatio HGNC:34006 Tol?acco use (28]
(Subject 1) 3 containing family n (scaffold disorder
M member 3 protein)
. . . Cocaine-
AUD+ND - gpp,  Colled-coil serine- oy 4y icion HGNC:29349  related [29,30]
(Subject 2) rich Protein 1 .
disorders
LIMhe:)I::oClzlg; o Cell Substance
AUD*ND i1 domains- spreading -y oNC29191  related [28]
(Subject 3) . . and .
containing protein L disorders
1 migration
Sensory
AUD D Taste 2 R t
UD*ND 1y gopag Taste2Receptor o otion HGNC:9584 Alcoholism  [31-34]
(Subject 4) Member 38 .
(bitterness)
Force
DNAHS Cocaine-
D D Dynei 1 ti
?Sib.;i)) and 5}'12?3 ac’;?;;relrga g:teer;}l;% HGNC:2952  related [35,36]
) TAS2R38 y P ol disorders

Table 4. Variants identified after WES and The American College of Medical Genetics and Ge-
nomics (ACMG) classification terminology. CADD PHRED is scaled Combined Annotation De-
pendent Depletion score. GnomAD Frequency is the variant allele frequency in GnomAD.

CADD ACMG

Su;)]])ect Gen:ty 15:11:; Poézgien Exon Protein Coding lg :():lﬁ? Score Classificatio
P AUenY " PHRED n
p Uncertain
. G/C PLEKHM3 097 Leu637Val c.1909C>G  0.000456 17.08  Significance
Subject 1 [37]
p- Likely
T/C PLEKHM3 0 His182Arg c545A>G  0.0014517 2.805 Benign [38]
Uncertain
A/G  CCSER1 0.998 2 P- c.154A>G  0.0000284733 21.8  Significance
Ser52Gly
. (39]
Subject 2 .
Uncertain
G/A  CCSER1  0.998 2 P: c.179G>A  0.0000284866 33 Significance
Arg60Lys
(40]
Uncertain
Subject3 A/G LIMCHI1 1 12 P: c.1289A>G  0.000012188 20.9  Significance
Tyr430Cys
(41]
P .
. C/C  TAS2R38 0.75 1 Te296Val c.886A>G 0.485108 8.017  Benign [42]
Subject 4 >
G/G TAS2R38 0 1 Alad9Pro c.145G>C 0.456251 0.978  Benign [43]
p- Uncertain
Subject5 T/G  DNAHS8 1 76 Leu3810Ar c.11429T>G  0.0000508 24.8  significance

g (44]



J. Clin. Med. 2021, 10, 2810 9 of 13
p- .
C/C  TAS2R38 0.75 1 11e296Val c.886A>G 0.485108 8.017  Benign [42]
p- .
G/G TAS2R38 0 1 Alad9Pro c.145G>C 0.456251 0.978  Benign [43]

4. Discussion

In this paper, we report a feasibility study analysis that can inform future national
precision medicine initiatives in Singapore. Substance-related arrests are also on the rise
in Singapore, with a 2% increase recorded in 2019 compared to 2018 (source —Central Bu-
reau of Narcotics, Singapore, www.cnb.gov.sg accessed on 5 April 2020). Among these
arrestees, 42% were new drug users, and 61% of this group were below 30 years of age.
The majority of the treatment-seeking population in NAMS include those with either
AUD or OUD [10]. The prevalence of this condition suggests a need to evaluate all poten-
tial methods of intervention possible. This feasibility study was initiated with an eye to-
wards the future and was conducted on treatment-seeking patients who were suffering
from a SUD. We sought willing participants and family members amongst the patients
who had extreme conditions of SUD.

We identified at least one functional disruption in a candidate gene with a predicted
role in addiction in all subjects tested. We did not anticipate this outcome at the onset of
the study, but it is interesting to note in the context of the family trio WES strategy em-
ployed and the extremity of the diagnosis of the subjects. Among our findings, we also
discovered a pair of variants categorized under ACMG as variants of “uncertain signifi-
cance” in the gene coiled-coil serine-rich protein 1 (CCSER1; previously known as
FAM109) in Trio #2 (Figure 1). This gene was also flagged as a potential candidate in al-
cohol dependence and risky sexual behavior in another recent study independent from
ours [29]. The family member who shared the variants with the subject also had higher
scores in the severity of dependence (Table 2; Figure 1). A loss-of-function animal model
study initiated based on these results suggests that CCSER1 may indeed have a role in
alcohol preference, highlighting the value of even this very small-sized trio based WES
study [45]. A second point to note is that two subjects among the five with no known
genetic relation (Subjects 4 and 5) shared variants in the TAS2R38 taste receptor gene.
These polymorphisms result in an amino acid change at position 49 (A49P) and at position
296 (1296V). These polymorphisms, along with a third at position 262 (V262A), make for
allelic variants of the gene TSA2R38. The combination of AVI amino acids at these posi-
tions, respectively, has previously been associated with the “non-taster” phenotype in hu-
mans. The global distribution of TAS2R38 suggests that the haplotype of PVV of the Sub-
jects 4 and 5 is extremely rare amongst the Asian population [27]. Their ability to taste
bitter compounds is therefore unclear at present. Although the non-taster phenotype (AVI
haplotype) has been associated with higher alcohol consumption and decreased bitterness
perception previously, more recent studies show a much more complex relationship be-
tween the ability to taste bitterness, the haplotype at these three amino acids, and the
amount of alcohol consumed than anticipated. The relationship between different haplo-
types of TAS2R38 is currently still developing and needs further investigation. Overall,
our study also suggests that it is technically feasible to use the strategy of WES family trios
to evaluate if any genes associated with SUD are disrupted amongst patients seeking treat-
ment. This knowledge could then be used in tailoring treatment strategies. In addition, it
also promises to be a viable method for discovering uncommon variants, new candidate
genes that play a role in the development of substance dependence, and highlights direc-
tions for future research when studying SUDs in a subpopulation.

In our analysis, we also came across some challenges while implementing this pilot
study, which included both participants specific and protocol-specific issues. Mental
health and SUD remain topics of stigma among a large section of Singaporeans, with most
believing it to be a willful act rather than a disorder with a complex relationship to genes,
social context, and the environment [46]. It has a tremendous impact on the familial
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relationships and the financial status of the subjects. The family members of the subject
report embarrassment, fear, or anxiety and often severe ties with the subject. Many treat-
ment-seeking subjects hence do not have adequate family support, making recruiting a
trio a challenge. To contextualize the difficulty in recruitment, it took us 2 years to com-
plete data collection for this study, still falling short of the original target of six trios, while
other studies that do not require trio recruitment in the same settings can take fewer than
a couple of weeks. The additional criteria that required at least one member of the imme-
diate family of the subject to have a history of addictive disorders also hampered recruit-
ment initially due to the social stigma of disclosing such information. Further, family
members often feared potential legal consequences or jail terms even when they are in-
formed of the exemption of consequences as anonymous research subjects. A large num-
ber of subjects or family members unwilling to disclose the family history had to thus be
excluded. Stigma is a powerful ethical and operational barrier for research recruitments,
especially in vulnerable populations. Participants fear that research can expose them to
unnecessary harm, which affects their participation. This can be overcome by building a
strong rapport with the participants and assuring them of their privacy and confidential-
ity [47]. Referrals by clinicians or peer-support specialists who have a good therapeutic
alliance with the subject could give further assurance to the subject and thus could im-
prove enrolment rates. Additionally, pre-enrolment discussions with subjects and family
members help to understand their concerns and address them. Emphasis should be given
to the anonymity of the data to alleviate their concern regarding the legal complications
due to disclosure.

SUD is a chronic relapsing disease that has a complex etiology involving genetic and
environmental factors [48]. The genes interact with each other as well as with the environ-
ment to predispose an individual to substance use. Therefore the severity of the problems
could be different between individuals with similar genetic variations due to the effect of
environmental and clinical factors (e.g., age of onset, treatment duration). Also, demo-
graphic variables such as gender and ethnicity have a confounding effect on the disease
effect, which was not taken into account in this study due to the small sample size. Future
studies will identify the sources of heterogeneity and incorporate them into the analysis
to improve the generalizability of the data.

Our initial eligibility criteria also limited the number of potential subjects who could
qualify. The initial criteria included an early onset of substance use that started before the
age of 18 years with the intention that it will facilitate the chances of recruiting younger
family members. Another criterion was the verification of the genetic relationship be-
tween the family members through a document such as the birth certificate. This criterion
differs from other studies conducted at the center that relied on self-reported relations.
Many of the potential trios did not wish to share documents for verification or the age of
onset if the subject was over 18 years. We subsequently relaxed these criteria after 6
months of the start of the study because of a lack of enrolment. The criteria were revised
with an amendment guided by the discussion with counselors. Non-document verifica-
tion was sought using specific personal questions to the members of the trio about each
other, such as the date of birth or the primary school attended. These questions were de-
veloped after discussion with the allied health and clinical team and were approved by
the ethics board.

Finally, the majority of Singapore citizens come from three ethnic backgrounds. We
aimed to recruit subjects from any ethnicity who are willing. Our study recruited subjects
with multi substance abuse, either AUD or OUD with ND. As our dataset is small, it may
not be representative; however, the ethnic profile of the subjects recruited (Table 1) reflects
previous reports. Past studies suggest that the majority of the AUD cases had either Chi-
nese or Indian background [49], while Malay, followed by subjects of Chinese ethnicity,
made up the bulk of OUD cases. Future studies should focus on ethnic differences in ge-
netic variations in specific substance types. The current study involved patients seeking
treatment for SUD and their family members who acted as internal controls. Independent



J. Clin. Med. 2021, 10, 2810

11 of 13

References

control trios or healthy subjects were not included in the sample, which would help to
compare and contrast the mutations in patients versus controls to appraise the magnitude
of disease burden in the clinical cohort. Future investigations can improve recruitment by
applying the eventual eligibility criteria employed in our study, such as the methods used
to verify genetic relatedness, and by seeking recruitment from specific ethnic backgrounds
when studying a specific substance of abuse. We also suggest that all the data and sample
collection, including saliva and questionnaires, be completed in a single session as subjects
recruited reported the entire process to be fairly straightforward and hassle-free. The pilot
feasibility study was concluded successfully with five recruits, where WES revealed genes
with variants in each of the subjects. This suggests that it is possible to expand the design
to a larger scale study with the criteria for recruitment refined based on our experience.

5. Conclusions

In conclusion, it is possible to identify genetic variants through the whole-exome se-
quencing of severe addicts in family trios. Large-scale studies, however, need to take into
consideration the unique challenges of recruiting from the local population to achieve
quick recruitment.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/jcm10132810/s1. Three excel files contain the complete variants identified, shortlist, and
candidate variants identified in the trios and related genome analysis scores. Table SI:
Hom_Het Variants_AllTrios. Table S2: CandidateGene Shortlist_ All Trios. Table S3: Candi-
dateGene_Variants_AllTrios.

Author Contributions: Conceptualization, P.V.A. and A.S.M.; investigation G.S., S.A., and
N.A.B.Z.; methodology, S.T.; validation and data curation, A.Y.J.N. and B.V.; supervision, B.V. and
A.SM.; project administration, A.S.M.; funding acquisition P.V.A., B.V., and A.SM. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the pilot study grant awarded to P.V.A,, B.V., and A.S.M. by
the National Addictions Management Service, in-kind support from IMCB, A*STAR, and Yale-NUS
College grants number IG16-LR003, to S.U.G., and A.S.M. The APC was funded by Yale-NUS Col-
lege grants number IG19-BG106, and SUG to A.S.M.

Institutional Review Board Statement: This cross-sectional study recruited treatment-seeking in-
dividuals and two family members from the National Addictions Management Service (NAMS) and
was conducted in the period of Dec 2016 to October 2018. The study followed the protocol approved
by the Domain Specific Review Board (DSRB Ref: 2016/01111).

Informed Consent Statement: Written informed consent was taken from all the participants.

Data Availability Statement: All data underlying the study will be deposited to our university’s
public database upon publication of the article. Supplementary Data contains all candidate genes
with variants identified in each trio.

Acknowledgments: We are thankful for the funding support provided by National Addictions
Management Service, in-kind support from IMCB, A*STAR, and Yale-NUS College. The funders
had no further role in study design; in the collection, analysis, and interpretation of data; in the
writing of the report; and in the decision to submit the paper for publication.

Conflicts of Interest: All of the authors declare no conflict of interest.

1. United Nations Office on Drugs and Crime World Drug Report, United Nations. 2019. Available online:
https://wdr.unodc.org/wdr2019/ (accessed on 5 April 2020).
2. World Health Organization. Global Status Report on Alcohol and Health 2018; World Health Organization: 2019, Geneva; ISBN

9789241565639.

3.  Global Burden of Diseases 2015 Tobacco Collaborators Smoking Prevalence and Attributable Disease Burden in 195 Countries
and Territories, 1990-2015: A Systematic Analysis from the Global Burden of Disease Study 2015. Lancet 2017, 389, 1885-1906.



J. Clin. Med. 2021, 10, 2810 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

Shahwan, S.; Abdin, E.; Shafie, S.; Chang, S.; Sambasivam, R.; Zhang, Y.; Vaingankar, J.A.; Teo, Y.Y.; Heng, D.; Chong, S.A ; et
al. Prevalence and Correlates of Smoking and Nicotine Dependence: Results of a Nationwide Cross-Sectional Survey among
Singapore Residents. BM] Open 2019, 9, e032198.

MOH | Disease Burden Available online: https://www.moh.gov.sg/resources-statistics/singapore-health-facts/disease-burden
(accessed on 23 April 2020).

Subramaniam, M.; Abdin, E.; Vaingankar, ]J.A.; Shafie, S.; Chua, B.Y.; Sambasivam, R.; Zhang, Y.J.; Shahwan, S.; Chang, S.; Chua,
H.C,; et al. Tracking the Mental Health of a Nation: Prevalence and Correlates of Mental Disorders in the Second Singapore
Mental Health Study. Epidemiol. Psychiatr. Sci. 2019, 29, €29.

Beydoun, M.A.; Beydoun, H.A.; Gamaldo, A.A.; Teel, A.; Zonderman, A.B.; Wang, Y. Epidemiologic Studies of Modifiable
Factors Associated with Cognition and Dementia: Systematic Review and Meta-Analysis. BMIC Public Health 2014, 14, 643.
Bassiony, M.; Seleem, D. Drug-Related Problems among Polysubstance and Monosubstance Users: A Cross-Sectional Study. J.
Subst. Use 2020, 25, 1-6.

Hjemseeter, A.].; Bramness, ].G.; Drake, R.; Skeie, I.; Monsbakken, B.; Benth, ]S.; Landheim, A.S. Mortality, Cause of Death and
Risk Factors in Patients with Alcohol Use Disorder Alone or Poly-Substance Use Disorders: A 19-Year Prospective Cohort Study.
BMC Psychiatry 2019, 19, 101.

Pv, A.; Jun Wen, T.; Karuvetil, M.Z.; Cheong, A.; Cheok, C.; Kandasami, G. Unnatural Death among Treatment Seeking Sub-
stance Users in Singapore: A Retrospective Study. Int. |. Environ. Res. Public Health 2019, 16, 2743, doi:10.3390/ijerph16152743.
Shield, K.; Manthey, J.; Rylett, M.; Probst, C.; Wettlaufer, A.; Parry, C.D.H.; Rehm, J. National, Regional, and Global Burdens of
Disease from 2000 to 2016 Attributable to Alcohol Use: A Comparative Risk Assessment Study. Lancet Public Health 2020, 5, e51—
e61.

Richmond-Rakerd, L.S.; Slutske, W.S.; Deutsch, A.R.; Lynskey, M.T.; Agrawal, A.; Madden, P.A.F.; Bucholz, KK; Heath, A.C.;
Martin, N.G. Progression in Substance Use Initiation: A Multilevel Discordant Monozygotic Twin Design. J. Abnorm. Psychol.
2015, 124, 596-605.

Bierut, L.J.; Dinwiddie, S.H.; Begleiter, H.; Crowe, R.R.; Hesselbrock, V.; Nurnberger, ].I.; Porjesz, B.; Schuckit, M.A.; Reich, T.
Familial Transmission of Substance Dependence: Alcohol, Marijuana, Cocaine, and Habitual Smoking. Arch. Gen. Psychiatry
1998, 55, 982.

Hancock, D.B.; Markunas, C.A.; Bierut, L.J.; Johnson, E.O. Human Genetics of Addiction: New Insights and Future Directions.
Curr. Psychiatry Rep. 2018, 20, 8.

Kendler, K.S.; PirouziFard, M.; Lonn, S.; Edwards, A.C.; Maes, H.H.; Lichtenstein, P.; Sundquist, J.; Sundquist, K. A National
Swedish Twin-Sibling Study of Alcohol Use Disorders. Twin Res. Hum. Genet. 2016, 19, 430—437.

Verweij, K.J.H.; Zietsch, B.P.; Lynskey, M.T.; Medland, S.E.; Neale, M.C.; Martin, N.G.; Boomsma, D.I; Vink, ] M. Genetic and
Environmental Influences on Cannabis Use Initiation and Problematic Use: A Meta-Analysis of Twin Studies. Addiction 2010,
105, 417-430.

Tsuang, M.T.; Bar, ].L.; Harley, R-M.; Lyons, M.]. The Harvard Twin Study of Substance Abuse: What We Have Learned. Harv.
Rev. Psychiatry 2001, 9, 267-279.

Mathuru, A.S. A Little Rein on Addiction. Semin. Cell Dev. Biol. 2018, 78, 120-129.

Wang, S.; Yang, Z.; Ma, J.Z.; Payne, T.J.; Li, M.D. Introduction to Deep Sequencing and Its Application to Drug Addiction
Research with a Focus on Rare Variants. Mol. Neurobiol. 2014, 49, 601-614.

Rabbani, B.; Tekin, M.; Mahdieh, N. The Promise of Whole-Exome Sequencing in Medical Genetics. J. Hum. Genet. 2014, 59, 5-
15.

Singleton, A.B. Exome Sequencing: A Transformative Technology. Lancet Neurol. 2011, 10, 942-946.

Lee, KM.T; Manning, V.; Teoh, H.C.; Winslow, M.; Lee, A.; Subramaniam, M.; Guo, S.; Wong, K.E. Stress-Coping Morbidity
among Family Members of Addiction Patients in Singapore. Drug Alcohol. Rev. 2011, 30, 441-447.

McLellan, A.T.; Luborsky, L.; O’'Brien, C.P.; Woody, G.E. An Improved Evaluation Instrument for Substance Abuse Patients:
The Addiction Severity Index. Probl. Drug Depend. 1980, 168, 26-33.

Xue, S.; Maluenda, J.; Marguet, F.; Shboul, M.; Quevarec, L.; Bonnard, C.; Ng, A.Y.J.; Tohari, S.; Tan, T.T.; Kong, M.K,; et al.
Loss-of-Function Mutations in LGI4, a Secreted Ligand Involved in Schwann Cell Myelination, Are Responsible for Ar-
throgryposis Multiplex Congenita. Am. . Hum. Genet. 2017, 100, 659-665.

Rackham, O.].L.; Shihab, H.A.; Johnson, M.R; Petretto, E. EvoTol: A Protein-Sequence Based Evolutionary Intolerance Frame-
work for Disease-Gene Prioritization. Nucleic Acids Res. 2015, 43, €33.

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, ].; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424.

Risso, D.S.; Mezzavilla, M.; Pagani, L.; Robino, A.; Morini, G.; Tofanelli, S.; Carrai, M.; Campa, D.; Barale, R.; Caradonna, F.; et
al. Global Diversity in the TAS2R38 Bitter Taste Receptor: Revisiting a Classic Evolutionary PROPosal. Sci. Rep. 2016, 6, 25506.
Rose, J.E.; Behm, F.M.; Drgon, T.; Johnson, C.; Uhl, G. Personalized Smoking Cessation: Interactions between Nicotine Dose,
Dependence and Quit-Success Genotype Score. Mol. Med. 2010, 16, 247-253. d0i:10.2119/molmed.2009.00159.

Polimanti, R.; Zhao, H.; Farrer, L.A.; Kranzler, H.R.; Gelernter, J. Ancestry-Specific and Sex-Specific Risk Alleles Identified in a
Genome-Wide Gene-by-Alcohol Dependence Interaction Study of Risky Sexual Behaviors. Am. . Med. Genet. B Neuropsychiatr.
Genet. 2017, 174, 846-853.



J. Clin. Med. 2021, 10, 2810 13 of 13

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Smith, A.H.; Jensen, K.P.; Li, J.; Nunez, Y.; Farrer, L.A.; Hakonarson, H.; Cook-Sather, S.D.; Kranzler, H.R.; Gelernter, ]. Genome-
wide association study of therapeutic opioid dosing identifies a novel locus upstream of OPRM1. Mol. Psychiatry, 2017, 22, 346—
352. d0i:10.1038/mp.2016.257.

Wang, ].C.; Hinrichs, A.L.; Bertelsen, S.; Stock, H.; Budde, J.P.; Dick, D.M.; Bucholz, K.K,; Rice, J.; Saccone, N. Edenberg, H.J. et
al. Functional Variants in TAS2R38 and TAS2R16 Influence Alcohol Consumption in High-Risk Families of African-American
Origin. Alcohol Clin. Exp. Res. 2007, 31, 209-215. d0i:10.1111/j.1530-0277.2006.00297 .x.

Ramos-Lopez, O.; Roman, S.; Martinez-Lopez, E.; Gonzalez-Aldaco, K.; Ojeda-Granados, C.; Sepulveda-Villegas, M.; Panduro,
A. Association of a novel TAS2R38 haplotype with alcohol intake among Mexican-Mestizo population. Ann. Hepatol. 2015, 14,
729-734.

Duffy, V.B,; Davidson, A.C; Kidd, J.R.; Kidd, K.K; Speed, W.C.; Pakstis, A.].; Reed, D.R; Snyder, D.J.; Bartoshuk, L.M. Bitter
receptor gene (TAS2R38), 6-n-propylthiouracil (PROP) bitterness and alcohol intake. Alcohol Clin. Exp. Res. 2004, 28, 1629-1637.
doi:10.1097/01.alc.0000145789.55183.d4.

Keller, M.; Liu, X.; Wohland, T.; Rohde, K; Gast, M.-T.; Stumvoll, M.; Kovacs, P.; Tonjes, A.; Bottcher, Y. TAS2R38 and its
influence on smoking behavior and glucose homeostasis in the German Sorbs. PLoS One. 2013, 8, €80512. doi:10.1371/jour-
nal.pone.0080512.

Wain, L.V,; Shrine, N.; Miller, S.; Jackson, V.E.; Ntalla, I.; Soler Artigas, M.; Billington, C.K.; Kheirallah, A.K.; Allen, R.; Cook,
J.P; et al. Novel insights into the genetics of smoking behaviour, lung function, and chronic obstructive pulmonary disease (UK
BiLEVE): a genetic association study in UK Biobank. Lancet. Respir. Med. 2015, 3, 769-781. doi:10.1016/52213-2600(15)00283-0.
Chambers, R.A.; McClintick, J.N.; Sentir, A.M.; Berg, S.A.; Runyan, M.; Choi, K.H.; Edenberg, H.]. Cortical-striatal gene expres-
sion in neonatal hippocampal lesion (NVHL)-amplified cocaine sensitization. Genes Brain Behav. 2013, 12, 564-575.
doi:10.1111/gbb.12051.

Available online: https://varsome.com/variant/hg19/PLEKHM3%20Leu637Val?annotation-mode=germline (accessed on 5 April
2020).

Available online: https://varsome.com/variant/hg19/PLEKHM3%20His182Arg?annotation-mode=germline (accessed on 5
April 2020).

Available online: https://varsome.com/variant/hg19/CCSER1%3AS52G?annotation-mode=germline (accessed on 5 April 2020).
Available online: https://varsome.com/variant/hg19/NM_001145065.2(CCSER1)%3AR60K?annotation-mode=germline (ac-
cessed on 5 April 2020).

Available online: https://varsome.com/variant/hg19/LIMCH1%20Tyr430Cys?annotation-mode=germline (accessed on 5 April
2020).

Available online: https://varsome.com/variant/hg19/TAS2R38%20Ile296Val?annotation-mode=germline (accessed on 5 April
2020).

Available online: https://varsome.com/variant/hg19/TAS2R38%20Ala49Pro?annotation-mode=germline (accessed on 5 April
2020).

Available online: https://varsome.com/variant/hg19/DNAH8%20Leu3810Arg?annotation-mode=germline (accessed on 5 April
2020).

Nathan, F.M.; Kibat, C.; Goel, T.; Stewart, ].; Claridge-Chang, A.; Mathuru, A.S. Contingent-Behavior Assay to Study the Neu-
rogenetics of Addiction Shows Zebrafish Preference for Alcohol Is Biphasic. bioRxiv 2021, doi:10.1101/2021.05.04.442404.
Subramaniam, M.; Abdin, E.; Picco, L.; Pang, S.; Shafie, S.; Vaingankar, J.A.; Kwok, KW_; Verma, K.; Chong, S.A. Stigma towards
People with Mental Disorders and Its Components—a Perspective from Multi-Ethnic Singapore. Epidemiol. Psychiatr. Sci. 2017,
26, 371-382.

Millum, J.; Campbell, M.; Luna, F.; Malekzadeh, A.; Karim, Q.A. Ethical Challenges in Global Health-Related Stigma Research.
Bmc Med. 2019, 17, 84.

Meyers, J.L.; Dick, D.M. Genetic and Environmental Risk Factors for Adolescent-Onset Substance Use Disorders. Child. Adolesc.
Psychiatr. Clin. N. Am. 2010, 19, 465-477.

Manning, V.; Gomez, B.; Koh, P.K.; Ng, A.; Guo, S.; Kandasami, G.; Wong, K.E. Treatment Outcome and Its Predictors among
Asian Problem Drinkers. Drug Alcohol Rev. 2013, 32, 178-186.



	1. Introduction
	2. Materials and Methods
	2.1. Participants
	2.2. Eligibility Criteria
	2.3. Data Collection
	2.4. Substance Use Data Collection
	2.4.1. Alcohol Use Disorder and Opioid Use Disorder
	2.4.2. Nicotine Dependence: Fagerstrom Test for ND
	2.4.3. The Severity of Addiction
	2.4.4. Alcohol Use Disorder Identification Test (AUDIT)
	2.4.5. Collection of Saliva Samples
	2.4.6. Whole Exome Sequencing
	2.4.7. Exome Capture and Sequencing
	2.4.8. Identification of Variants and Filtering of Common and Family-Specific Variants

	2.5. Data Analysis

	3. Results
	3.1. Demographics
	3.2. Substance Use Characteristics
	3.3. Genetic Analysis

	4. Discussion
	5. Conclusions
	References

