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Abstract

Background—Human personality traits have been closely linked to substance dependence (SD),
and are partially genetically determined. Recently, associations between ADH7 and SD have been
reported, which led us to investigate the relationship between ADH7 variation and personality
traits.

Methods—We assessed dimensions of the five-factor model of personality and genotyped four
ADH7 markers and thirty-eight unlinked ancestry-informative markers in 244 subjects with SD
[178 European-Americans (EAs) and 66 African-Americans (AAs)] and 293 healthy subjects (253
EAs and 40 AAs). The relationships between ADH7 markers and personality traits were
comprehensively examined using multivariate analysis of covariance (MANCOVA), and then
decomposed by Roy Bargmann Stepdown analysis of covariance (ANCOVA).

Results—Generally, older individuals, AAs, and males had significantly lower personality scores
(4.7x107°<p<0.032), as reported previously. In SD subjects, Extraversion was most significantly
associated with ADH7 haplotypes (3.7x10~4<p<0.001), diplotypes (0.007<p<0.012), and
genotypes (p=0.001), followed by Conscientiousness (0.005<p<0.033). The contributory
haplotype and diplotypes contained the alleles and genotypes of rs284786 (SNP1) and rs1154470
(SNP4). In healthy subjects, other personality factors (except Extraversion) were associated with
ADHY diplotypes (0.005<p<0.016) and genotypes (0.002<p<0.052). Some of the gene effects on
personality factors were modified by sex.

Conclusions—The present study demonstrated that the ADH7 variation may contribute to the
genetic component of variation in personality traits. Personality traits and SD have a partially
overlapping genetic basis.

Keywords
Personality; Substance dependence; ADH7

Corresponding author and reprints: Xingguang Luo, MD and Lingjun Zuo, MD; Yale University School of Medicine; VA Psychiatry
116A2; 950 Campbell Avenue; West Haven, CT 06516. Xingguang.Luo@yale.edu and Lingjun.Zuo@yale.edu; Tel: 203-932-5711
ext 3590; Fax: 203-937-4741.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luo et al.

Page 2

Introduction

The gene encoding alcohol dehydrogenase 7 (ADH7) is a class IV ADH gene, located at
4023-24, at the 5’ end of the ADH gene cluster that contains seven ADH genes in a head-to-
tail array from qter towards the centromere in the following order: ADH7-ADH1C-ADH1B-
ADH1A-ADH6-ADH4-ADH5. ADH7 has 9 exons and 8 introns that span about 22 kb,
encoding the pp or oo ADH enzyme (374 amino acids). ccADH has an overall three-
dimensional structure more similar to the class | ADHSs than the other classes of ADHs.
ocADH (called retinol dehydrogenase) is the most efficient among all classes of ADHSs in
catalyzing the metabolism of the longer chain aliphatic alcohols (such as retinol) [Satre et
al., 1994]. It converts retinol (the major vitamin A precursor) to retinal; retinal is then
synthesized to retinoic acid (RA; the active form of vitamin A). RA is a pleiotrophic
regulator of gene expression used by vertebrates [Chambon, 1993]. It regulates
transcriptional control through the retinoic acid receptors RAR and RXR [Zetterstrom et al.,
1994]. RA, bound to their receptors, functions in the brain and pituitary by regulating the
expression of the dopamine D2 receptor, which is a component of the dopaminergic system
[Wolf, 1998]. RA is involved in regulating embryonic development (including development
of the brain) and adult epithelial cell differentiation [Satre et al., 1994]. Dopamine neurons
contain all the necessary components for this regulation. Proper development and
maintenance of the dopaminergic system may be strongly dependent on the supply of RA,
not only during embryogenesis, but also in adulthood [Zetterstrém et al., 1994], so that there
is an important role of ADHs in the development and maintenance of the dopaminergic
system.

ADHs (except those of Class I11) also catalyze ethanol metabolism (Km value in the mM
range) [Satre et al., 1994]. Class IV ADH is mainly distributed in the upper digestive tract
(from mouth to stomach) and esophagus, but not in the liver [Moreno and Pares, 1991; Pares
et al., 1994]. The stomach Class IV ADH is believed to contribute to the decreased
bioavailability of imbibed alcohol after oral ingestion because of gastric first-pass
metabolism, which may represent an important first line barrier against ethanol toxicity
[Gentry et al., 1994]. The activity of the class IV ADHSs towards ethanol is reported to be
even higher than that of the classical liver enzymes (mainly Class | ADHSs) in some studies
(e.g., Pares et al. (1992) and Yin et al. (1997) reported that sccADH had the highest maximal
activity for ethanol among the ADHSs, which may be because ccADH is the first of the
ADHs to start metabolizing ingested alcohol while still in the upper gastrointestinal tract].
Besides metabolizing retinol and ethanol, sccADH may be involved in the metabolism of
some specific aldehydes, dopamine and other substances [Boleda et al., 1993; Yokoyama et
al., 1995; Buervenich et al. 2000; HO0g et al., 2001]. Interindividual genetic differences in
ocADH may lead to variation in uptake of potentially harmful exogenous agents that may
eventually interact with the dopamine system of the brain [Buervenich et al., 2005].
Additionally, the non-retinol substrates can compete for ADHSs with retinol, e.g., high levels
of ethanol inhibit retinol metabolism [Ang et al., 1996] - this suggests the possibility that a
deficit exists in the synthesis of RA in alcoholics and drug abusers per se, even in the
absence of an overall deficit in ADH activity. If a deficit in the overall ADH activity is
present too, the deficit in the synthesis of RA should be more severe in such subjects than
the healthy subjects. This deficit may result in dopaminergic dysfunction, as described
above. It has long been hypothesized that the dopaminergic system is related to the
development of alcohol dependence (AD), drug dependence (DD), and personality, which
suggests a potentially important role of ccADH in the development of these phenotypes.

Important residues in the coenzyme-binding and substrate-binding sites of ccADH differ
from those of other ADH classes, which may affect substrate binding or coenzyme binding,
resulting in distinct ethanol turnover, expression in stomach, and possible emergence of
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ocADH from other enzymes [Farres et al., 1994; Pares et al., 1994]. These structural
changes are believed to result in a human class IV ADH with more activity for ethanol under
physiological conditions [Farres et al., 1994]. Variation in ADH7 introns may potentially
influence the transcription levels, mRNA stability, translational efficiency, and density or
affinity of ccADH as well. In summary, the structure in ADH7 sequence, including coding
regions, introns, and regulatory regions, may determine the properties of ccADH; variation
in these regions may modulate its enzymatic function, with consequent effects on the
metabolism of ethanol, retinol, aldehydes, dopamine, and other substances, which may
eventually be related to risk for AD, DD, and personality, as described above. However,
only recently have direct associations between ADH7 and these phenotypes been reported.
Osier et al. (2004) found that a polymorphism (rs1154458) in intron 6 of ADH7 was
significantly associated with AD in an unrelated Chinese sample. Edenberg et al. (2006)
reported that rs284779 in intron 7 and rs28478 in the 3'-UTR were significantly associated
with AD in a pedigree sample including European-American (EA) and African-American
(AA) subjects. We [Luo et al., 2006a] reported that rs1573496 (SNP3 in the present study; a
nonsynonymous SNP) in exon 3 and rs284786 (SNP1; a synonymous SNP) in exon 9 were
suggestively associated with AD in AAs, and multiple diplotypes were suggestively
associated with AD both in EAs and AAs. We [Luo et al., 2007a] also reported that
rs1573496 (SNP3) in exon 3 was suggestively and rs971074 (SNP2) in exon 6 was
significantly associated with DD in AAs, and multiple diplotypes were suggestively (in
EAS) or significantly (in AAs) associated with DD. No studies have yet examined the
association between ADH7 and personality; such an association, if present, could underlie
the associations with SD phenotype, either entirely, or, more likely, in part. The present
study aimed to investigate this association.

DD (including cocaine dependence and opioid dependence) and AD have been demonstrated
to share genetic risk related to ADH genes [Luo et al., 2006a; b; 2007a]. Therefore, in the
present analysis, AD and DD were combined as “substance dependence” (SD), in order to
increase the overall power to detect an effect. Many previous studies have provided
evidence that personality characteristics may play a central role in the development of SD
(including AD and opioid dependence in these studies) [e.g., Cloninger et al., 1988; Caspi et
al., 1997], and common genetic factors may underlie some portion of the association
between personality traits and AD [reviewed by Luo et al., 2007b]. We also demonstrated
that variation in ADH4 and CHRM2 affected “risk” for both SD and personality features
[Luo et al., 2007h, in press]. These findings highlight the role of personality as a genetically
determined risk factor for SD.

Personality traits are among the most complex quantitative traits, which are usually
governed by several genetic loci and influenced by environmental factors. Genetic factors
have been consistently implicated as contributing to individual differences in major
dimensions of personality (evidence was summarized in details by Luo et al. [2007b]). It is
very promising to detect positive association between personality traits and alcohol
metabolism related genes (e.g., ADH4 and ADH7), especially in SD patients, because
personality traits have strong genetic link to SD (described above), and have associations
with levels of dopaminergic activity that may be directly or indirectly affected by ccADH
(reviewed above).

The bioavailability of ethanol has been reported to be greater in women, which has been at
least in part attributed to lower levels of ccADH [Frezza et al., 1990; Thomasson et al.,
1995]. Glucocorticoid response element (GRE) in ADH7, through which androgens (but not
estrogens) upregulate gene expression [Lange et al., 1992], may account for the observed
sex difference in first-pass metabolism due to higher gastric ADH activity in male than in
female subjects [Frezza et al., 1990]. Therefore, we predicted the presence of sex-specific
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gene effects on personality scores for this locus. Additionally, Asians have lower ccADH
activity than EAs and AAs, e.g., approximately 80% of Japanese men and women lack
ocADH activity, whereas all EAs and AAs exhibit activity [Baraona et al., 1991;
Thomasson et al., 1993]. Our previous studies have demonstrated that the genetic effects on
personality traits were modified by sex, age, population, admixture, and affection status
[Luo et al., 2007b, in press]. Consequently, we included older and younger adults, EAs and
AAs, men and women, and SD and healthy individuals in the present study, and investigated
the moderating effects of sex, age, ethnicity, and affection status on the association between
personality traits and ADH7. Our previous studies (Luo et al., 2007b; in press) indicated that
the personality scores were significantly different between the SD and healthy subjects; in
the present study, healthy subjects with no Axis | psychiatric disorders served as a basis for
replication and as controls for SD subjects.

Materials and Methods

1. Subjects

Two hundred forty-four subjects with SD (178 EAs and 66 AAs) and 293 healthy subjects
(253 EAs and 40 AAs) were included in the present study. The SD subjects (142 males; 102
females) met lifetime DSM-I11-R criteria [American Psychiatric Association 1987] for AD
(n=194) and/or DD (n=142 for cocaine dependence; n=92 for opioid dependence).
Diagnoses were made using the Structured Clinical Interview for DSM-I111-R (SCID)
[Spitzer et al., 1992], the computerized Diagnostic Interview Schedule for DSM-111-R (C-
DIS-R) [Blouin et al., 1988], or a checklist comprised of DSM-I11-R symptoms. The healthy
subjects (109 males; 184 females) were screened using the SCID or the C-DIS-R to exclude
major Axis | disorders, including AD or DD, psychotic disorders (including schizophrenia
or schizophrenia-like disorders), mood disorders, and major anxiety disorders. The average
ages were 37.9+9.3 years for SD subjects and 27.6+8.6 years for healthy subjects. The
populations here were identified using ancestry proportions. All subjects were recruited at
the University of Connecticut Health Center (UCHC) and gave informed consent before
participating in the study, which was approved by the UCHC Institutional Review Board.

2. Marker inclusion and genotyping

We examined four markers spanning the 5' to 3’ regions of ADH7 (with an average inter-
marker distance of 5590bp; see Table 1) and 38 ancestry-informative markers (AIMs)
unlinked to ADH7 [Yang et al., 2005; Luo et al., 2005a,b]. The four ADH7 markers cover all
haplotype blocks in ADH7, with SNPs 2 and 3 in one haplotype block both in EAs and AAs;
SNP4 (rs1154470) belongs to this block only in EAs, and SNP1 is independent of the other
three SNPs both in EAs and AAs [Luo et al., 2006a]. These ADH7 markers were selected
because, at the time of genotyping, they were all available as validated assays from Applied
Biosystem, Inc. (ABI, Foster City, CA, USA) and they fully tagged the ADH7 locus. The
ADH7 markers and AIMs were genotyped as in our initial study [Luo et al., 2006a].

3. Assessment of Personality

The NEO Five-Factor inventory (NEO-FFI) [Costa and McCrae. 1997] was used to assess
five personality dimensions in both affected and healthy individuals, including Extraversion,
Agreeableness, Conscientiousness, Neuroticism, and Openness to Experience. The
personality scores for the different factors were: Extraversion (448, mean 28.7+6.9),
Agreeableness (10-46, mean 31.0+6.6), Conscientiousness (0-48, mean 31.8+7.8),
Neuroticism (2-48, mean 20.4+9.4), and Openness to Experience (9-45, mean 28.4+6.5).
Every personality factor and the linear combination of all personality factors were normally
distributed [Luo et al., 2007b]. As reported previously, these five factors are significantly
intercorrelated, i.e., Neuroticism is negatively correlated with the other personality factors
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and all of the other personality factors are positively correlated with one another [Luo et al.,
2007h].

4. Ancestry proportion estimation

The proportions of European and African ancestry for each EA and AA individual were
estimated using a set of 38 AlIMs [Luo et al., 2005a,b] and the program STRUCTURE
[Pritchard et al., 2000; Falush et al., 2003]. The ancestry proportion scores were entered into
General Linear Models (including MANCOVA and ANCOVA) as covariates, to exclude
population stratification and admixture effects on the analysis.

5. Individual haplotype and diplotype probability estimation

The program PHASE [Stephens et al., 2001; 2003] was used to reconstruct haplotypes and
estimate the probabilities (from 0 to 1) of all likely pairs of haplotypes (i.e., diplotypes) for
every individual. For analysis, these haplotype and diplotype probabilities were entered into
the General Linear Model described below. The frequencies of allele, genotype, and
common haplotypes and diplotypes are shown in Table 2.

6. Data analysis

(1) Stepwise multivariate analysis of covariance (MANCOVA)—MANCOVA was
employed to test associations between genes and personality traits. In the haplotypewise and
diplotypewise MANCOVA models, five correlated personality factors that served as one
composite dependent variable; haplotype or diplotype probabilities served as predictor
variables; age, ancestry proportions, and sex served as covariates; and two-way interactions
between the predictor variables and covariates and between haplotypes were also considered
as independent predictor variables. SD subjects and healthy subjects were analyzed
separately. Statistical significance was evaluated based on the Pillai’s Trace statistic (Pillai,
1954). When we obtained positive findings from the haplotypewise or diplotypewise
analysis, we further performed allelewise and genotypewise MANCOVA using allele or
genotype data to fine-map the contributory loci for personality. Alleles or genotypes of each
marker, instead of haplotype or diplotype probabilities, served as predictor variables; two-
way interactions between the predictor variables and covariates and between any two
markers were also considered as independent predictor variables in these models. All of the
MANCOVAs used backward stepwise elimination, with only the variables considered
statistically significant (i.e., p<0.05) retained in the final equations.

(2) Stepwise Roy Bargmann Stepdown Analysis [see Tabachnick and Fidell.
1996]—Positive findings using MANCOVA were followed by stepwise Roy Bargmann
Stepdown Analysis (a stepdown ANCOVA) of each personality factor to determine the
factors contributing to the positive findings. In these ANCOVA models, each personality
factor served as a dependent variable and the predictor variables, covariates, and interaction
variables were the same as for the MANCOVA models. For the first step, we tested the
highest-priority personality factor with a univariate ANCOVA. The priority order was the
same as that in previous studies [Luo et al., 2007b, in press]: Neuroticism (F4) >
Agreeableness (F2) > Conscientiousness (F3) > Extraversion (F1) > Openness (F5). We
tested each personality factor with ANCOVA, using all higher-priority personality factors as
covariates. To address the inflation of type I error due to multiple tests for the Roy
Bargmann Stepdown Analysis, o was set at 0.01, though some suggestive gene effects
(0.01<p<0.05) are also presented. These analyses also used a backward stepwise elimination
process.
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1. MANCOVA indicated that the personality traits were related to age, ancestry, and sex;
and the haplotypes, diplotypes, and genotypes had significant effects on the personality
traits, some of which were moderated by sex (Table 3).

Haplotypewise, diplotypewise, and/or genotypewise MANCOVAS showed that there were
significant associations between the personality traits and age, ancestry, and sex, both in SD
and healthy individuals (6.9x107%<p<0.042; Table 3).

In SD subjects, haplotypewise MANCOVA showed that the haplotype TCGA had a
significant main effect (p=0.011) and an interaction effect (with TCGG: p=0.006) on the
composite personality trait set. Diplotypewise MANCOVA showed that the diplotypes
TCGA/TCGG (p=0.041), TTCG/TCGG (p=0.020), and ACGA/ACGG (p=0.041) had a
significant main effect on the composite personality trait set. Genotypewise MANCOVA
showed that the genotypes of SNP1 and SNP4 had a significant interaction effect (p=0.014)
on the composite personality trait set. In healthy subjects, diplotypewise MANCOVA
showed that the diplotypes TCGA/TCGG had a significant effect on the composite
personality trait set (modified by sex: p=0.001). Genotypewise MANCOVA showed that the
genotypes of SNP1 and SNP4 had a significant interaction effect (p=0.013) on the
composite personality trait set. Genotypes of SNP4 also had a significant effect on the
composite personality trait set, moderated by sex (p=0.037).

2. Roy Bargmann Stepdown Analyses showed that different personality factors were related
to age, ancestry, and/or sex, and that the haplotypes, diplotypes, and genotypes had main
and/or interaction effects on different personality factors (Table 4).

The haplotypewise, diplotypewise, and genotypewise Roy Bargmann Stepdown Analyses
showed that different personality traits were related to age, ancestry, and/or sex, all of which
were reported previously [Luo et al., 2007b]. Neuroticism was significantly higher in
females than in males among SD subjects (4.7x107°<p<1.1x1074); Agreeableness was
significantly higher in females than in males among healthy individuals (p=0.001).
Extraversion decreased with age in both SD and healthy subjects (B<0; 4.6x104<p<0.002).
Openness to Experience decreased (B<0; 4.9x10™4<p<1.2x1074), but Agreeableness
increased with age in healthy individuals (B>0; 0.001<p<0.002). Extraversion increased
with European ancestry proportions both in SD and healthy subjects (>0; 0.003<p<0.032).
Agreeableness increased with European ancestry proportions in SD subjects (p>0;
0.003<p<0.010). Additionally, Neuroticism was negatively correlated with the other four
personality factors, which were all positively correlated to each other, consistent with our
previous findings [Luo et al., 2007b].

In SD subjects, the haplotype TCGA significantly increased Extraversion scores (5>0,
p=0.001), but the interaction between this haplotype and TCGG (<0, p=3.7x107%), the
diplotype constructed by these two haplotypes (i.e., TCGA/TCGG) (B<0, p=0.007), and the
diplotype TTCG/TCGG (B<0, p=0.012) significantly or suggestively decreased Extraversion
scores. Diplotypes TTCG/TCGG ($>0, p=0.033) and ACGA/ACGG (>0, p=0.018)
suggestively increased Conscientiousness scores. Additionally, the interaction between
genotypes SNP1/T/T and SNP4MA/A (5>0, p=0.001) significantly increased Extraversion
scores, but genotypes SNP1MA/A x SNP4ANG/G (B<0, p=0.005) and SNP1"MA/T x SNP4"MA/G
(B<0, p=0.016) significantly decreased Conscientiousness scores. In healthy individuals, the
diplotype TCGA/TCGG increased Conscientiousness scores in females (5>0, p=0.007) and
Openness scores in males (5>0, p=0.001), but decreased Neuroticism scores in males (<0,
p=0.013). The genotypes SNPI~T/T x SNP4”A/A significantly increased Agreeableness
scores (>0, p=0.005), and the genotype SNP4”A/G significantly increased both
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Agreeableness scores (5>0, p=0.002) and Neuroticism scores (>0, p=0.003) in females. No
completely identical personality-gene associations were seen in both SD and healthy
subjects.

Discussion

The findings in the present study suggest that ADH7 variation may play an important role in
the development of personality traits, with rs284786 (SNP1) and rs1154470 (SNP4) being
the most important of the variants we studied directly. Personality traits and SD partially
share genetic “risk” and might have intrinsically-related neurobiological mechanisms related
to ccADH activity.

Quantitative personality traits are genetically complex and multigenic. A composite
personality trait set usually can only be weakly associated with the main effect of a single
haplotype, diplotype, genotype, or allele, as observed by MANCOVA in the present study.
However, their interaction effects (as detected using MANCOVA) could be much stronger,
and certain single personality factor could be strongly associated with a gene (as shown
using ANCOVA).

Using MANCOVA, we found that the five personality traits measured by the NEO-FFI were
strongly related to age, ancestry, and sex [Luo et al., 2007b]. Decomposing these findings
with ANCOVA, we found that, generally, older individuals, AAs, and males had
significantly lower personality scores in both SD and healthy subjects; an exception to this
was that older healthy individuals had significantly higher scores on the Agreeableness
measure. MANCOVA also indicated that the multi-locus haplotypes and diplotypes had
significant effects on the personality traits, which suggests that ADH7 might harbor sites that
contribute to the development of personality traits. Genotypewise MANCOVA suggested
that these contributory sites might be close to SNP1 or SNP4. Decomposition of these
findings using ANCOVA showed that, in SD subjects, Extraversion was most significantly
affected by ADH7, followed by the effect of Conscientiousness. The contributory haplotype
and diplotypes contained the alleles and genotypes of SNP1 and SNP4. In healthy subjects,
other personality factors (except Extraversion) were affected by ADH7. Basically, the gene
effects in healthy subjects were weaker than in SD subjects, consistent with the hypothesis
that the ADH7 gene effects should be more significant in the SD subjects than in the healthy
subjects (summarized in the Introduction).

Some of the gene effects on personality factors were modified by sex, which may reflect the
sex-specificity of ccADH activity (reviewed in Introduction). However, these modifications
appear only in the healthy sample (that is, the gene effects are significant only in males or in
females in this sample — see Table 4), but not in the SD sample. Our previous study (Luo et
al., 2007b) showed that the gene variation could be associated with some specific ranges of
personality scores. Males and females have different personality scores, that is, the
personality scores in males and females are located in different (overlapping) ranges. When
dividing the whole sample by sex, it is easier to detect the gene-personality association in
males or in females, especially when the gene-personality association is not strong enough
in the whole sample, as for the healthy subjects. This might explain why in the healthy
sample some gene effects can be detected only when modified by sex, although this
explanation might not be comprehensive.

Several important initial studies, using independent population-based or family-based
samples, reported strong associations between ADH7 variation and SD (summarized in the
Introduction). This evidence suggested that ADH7 might be a shared risk locus for both SD
and personality traits. The gene-personality association was also present in healthy subjects,
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where it differed a little from that in SD subjects, suggesting that the “risk” sites in ADH7
for personality traits could be independent of those for SD. In the present sample, we found
that rs284786 (SNP1) and rs975833 (SNP2) were modestly associated with SD (p<0.05; see
Table 2), but the “risk” site for personality seemed to be closest to SNP1 and SNP4
(rs1154470), leading to the interpretation that the “risk” sites for these two different
phenotypes could be located in different positions within the same gene. These “risk” sites
might alter the properties of ccADH, thereby affecting dopaminergic activity, which is
postulated to contribute to the development of both SD and personality (as detailed in the
Introduction).

In conclusion, the present study demonstrated that ADH7 might contribute to the genetic
component of variation in personality traits, with the risk for SD and personality traits being
partially shared.
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