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Abstract

The ADH1B (Alcohol Dehydrogenase 1B (class 1), Beta Polypeptide) gene and its best-known
functional alleles, Arg48His (rs1229984, ADH1B*2) and Arg370Cys (rs2066702, ADH1B*3),
have been investigated in relation to many phenotypic traits; most frequently including alcohol
metabolism and alcohol drinking behaviors, but also human evolution, liver function, cancer, and,
recently, the comprehensive human phenome. To understand ADH1B functions and consequences,
we provide here a bioinformatic analysis of its gene regulation and molecular functions, literature
review of studies focused on this gene, and a discussion regarding future research perspectives.
ADHIB alleles have large effects on alcohol metabolism, and this relationship particularly
encourages further investigations in relation to alcoholism and alcohol-associated cancer to
understand better the mechanisms by which alcohol metabolism contributes to alcohol abuse and
carcinogenesis. We also observed that ADH1B has complex mechanisms that regulate its
expression across multiple human tissues, and these may be involved in cardiac and metabolic
traits. Evolutionary data strongly suggest that the selection signatures at the ADH1B locus are
primarily related to effects other than those on alcohol metabolism. This is also supported by the
involvement of ADHIB in multiple molecular pathways and by the findings of our recent
phenome-wide association study. Accordingly, future studies should also investigate other
functions of ADH1B potentially relevant for the human phenome.
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Introduction

A drink of beverage alcohol presents the organism with an important physiological task —
the alcohol must be metabolized, and the resulting calories prepared for use. Alcohol is
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highly caloric (7kcal/g) and heavy drinkers can supply much of their energy needs just from
alcohol, although the displacement in the diet of fats, carbohydrates, and proteins by alcohol
can create another host of problems. For the discussion below, it will be helpful to keep the
magnitude of this metabolic task in mind: this is not a trivial amount of material to be dealt
with. Issues related to alcohol metabolism can have profound effects on multiple
physiological systems, as will be discussed below.

The focus of the present article, the ADHI1B gene, encodes the beta subunit of class | ADH.
The functional enzyme consists of homo- and heterodimers of alpha, beta, and gamma
subunits; the corresponding genes (ADH1A, ADH1B, and ADH1C) map to chromosome
4923 together with the other human ADH genes (ADH4, ADH5, ADH6, and ADH?). The
clones of the full-length cDNA coding for class | ADH subunits were identified by Ikuta and
colleagues, providing the first information regarding their molecular structures [Ikuta and
others 1985]. However, studies of ADH began many years before: an ADH protein was
firstly purified from Saccharomyces cerevisiae in 1937 [Negelein and Wulff 1937]. Initially,
this enzyme attracted interest focused on the need to understand the ability of different
organisms to oxidize alcohol [Lutwak-Mann 1938]. Later, numerous molecular studies
investigated the role of ADH in a wide range of situations, including alcohol metabolism,
human behavior, liver function, and human evolution [Brooks and Zakhari 2014; Buhler and
others 2015; Carr and others 2002; Edenberg 2000; Edenberg 2007; Li and others 2011a; Li
and others 2011b]. In recent years, omic studies based on high-throughput technologies
confirmed the key role of ADH in multiple molecular mechanisms [Gelernter and others
2014; Kropotova and others 2014; Winnier and others 2015]. In particular, variation in the
ADH1B gene was demonstrated to have a large effect in the predisposition to several
complex traits, including alcoholism and (primarily Gl tract) cancer [Gelernter and others
2014; McKay and others 2011; Wu and others 2012]. The relevance of the ADH1B locus
was further confirmed by genomic analyses that highlighted how its genetic variation was
shaped by selective pressures during human evolution [Galinsky and others 2016]. Due to its
clear involvement in the major alcohol metabolic pathway, different authors have
hypothesized that ADH1B phenotypic associations are related to alcohol use and its
downstream consequences [Holmes and others 2014; Silverwood and others 2014].
However, recent findings have shown that ADH1B may affect the human phenome through
alcohol-independent mechanisms also [Polimanti and others 2016a]. To understand the
network of ADH1B activities and consequences, we provide here a bioinformatic analysis of
gene regulation and the molecular functions of its protein product, a literature review of the
studies conducted on this gene, and a discussion of future perspectives of ADH1B research.
It is our intention to help scientists who are interested in the ADHB locus to connect
multiple functional aspects that they should might consider in their research.

Gene Regulation and Variation and Protein Structure

Bioinformatic Analysis

According to COMPARTMENTS, a subcellular localization database (available at http://
compartments.jensenlab.org/Search; [Binder and others 2014]) considering multiple
information sources regarding different cell types, the ADH1B protein product was

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2019 March 01.


http://compartments.jensenlab.org/Search
http://compartments.jensenlab.org/Search

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Polimanti and Gelernter Page 3

identified with the highest confidence in the cytosol, with low confidence in the
mitochondrion and the nucleus, and with the lowest confidence in the extracellular space and
the peroxisome. Regarding gene expression distribution, the early studies mainly focused
their attention on the liver where the ADHIB protein product plays a role in hepatic alcohol
oxidation [Zakhari 2006]. However, ADHI1Bis also expressed in other human tissues. In the
RNA-sequencing analysis conducted by the GTEx consortium (Release V6 data available at
http://www.gtexportal.org/home/; [Mele and others 2015]), ADH1B showed expression in
several human tissues, with the highest values (>200 Reads Per Kilobase) observed in
subcutaneous adipose tissue, liver, omentum, coronary arteries, and aorta (Figure 1). Five
different transcripts are expressed by ADHI1B and they showed tissue-specific distribution
(Figure 2). Specifically, ENST00000506651 and ENST0000039488 account for the most
ADH1B expression, but ENST00000506651 is the most expressed isoform in all tissues with
the exception of liver, where ENST00000394887 is the most expressed (Supplemental
Figure 1). According to the CCDS (Consensus Coding Sequence) database (available at
https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi; [Farrell and others 2014]),
ENSTO00000305046 and ENST00000394887 were considered coding sequences with high-
quality annotation (CCDS ID: 34033.1 and 68761.1, respectively) and their protein products
are annotated in the UniProt database (Uniprot ID: P00325; data available at http://
www.uniprot.org/; [Magrane and UniProt Consortium 2011]). ENST00000305046 (CCDS
ID: 34033.1) corresponds to the canonical ADH1B isoform (P00325-1; Length: 375 aa)
whereas ENST00000394887 corresponds to the ADH1B isoform 2 (P00325-2; Length: 345
aa). ADH1B isoform 2 differs from the ADH1B canonical isoform in that it lacks the initial
40 amino acids (Supplemental Figure 2).

Structurally, the ADH1B protein presents three binding sites: two metal-binding sites for the
catalytic zinc and the structural zinc, respectively; and a nucleotide biding site for the NAD
(Nicotinamide Adenine Dinucleotide) coenzyme. Most studies of ADH1B enzymatic
activities mainly focused on three alleles (which used to be designated ADH1B%*1,
ADH1B*Z, and ADH1B*3) based on two missense substitutions (Arg48His, rs1229984;
Arg370Cys, rs2066702 — the “*1” variant has neither of these two possible substitutions)
commonly present in various human populations (Table 1). ADH1B*2 (Arg48His,
rs1229984) occurs mostly in Asian and European-ancestry populations, while ADH1B*3
(Arg370His, rs2066702) is seen almost exclusive in African-ancestry populations. Both
protein products of ADH1Brs1229984 and rs2066702 facilitate the release of the NAD
coenzyme at the end of the reaction with a consequent 70- to 80-fold higher turnover rate
than the protein product of ADH1B reference sequences [Edenberg 2007; Hurley and others
2003]. That is, the minor alleles are in both cases more active than the common alleles.

These are not the only possible functional variants, and the explosion of the next-generation
sequencing has uncovered a more comprehensive understanding of human genome variation,
including at ADH1B. Considering the worldwide populations included in the 1,000
Genomes Project Phase 3 dataset (available at http://browser.1000genomes.org/index.html;
[1000 Genomes Project Consortium and others 2015]), 145 missense variants have now been
identified considering the canonical ADHIB transcript, but the total number of coding and
non-coding variants is much higher, 1,110 SNPs (Supplemental Table 1). Non-coding
variants may play very important roles in gene regulation, and consequently in the
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expression of phenotypic traits. Analyzing GTEX data (Release V6), we observed 165
independent ADHIB expression quantitative trait loci (eQTL) considering a false discovery
rate (FDR) < 5% and a linkage disequilibrium (LD) r? cutoff = 0.1. These ADHIBeQTLs
are related to 43 SNPs and 5 tissues, including subcutaneous adipose tissue, tibial artery,
transformed fibroblast, tibial nerve, and thyroid (Supplemental Table 2). Considering multi-
tissue eQTL posterior probabilities for ADH1B available in the GTEXx dataset, rs10516440
showed effects on multiple tissues, including subcutaneous adipose tissue, tibial artery, heart
(left ventricle), lung, skeletal muscle, tibial nerve, sun-exposed skin (lower leg), thyroid, and
whole blood (Figure 3). Rs10516440 is located in the upstream region of ADH gene cluster,
and it affects gene expression of all ADHI genes in multiple tissues (FDR < 5%;
Supplemental Table 3). In our genome-wide association study (GWAS) of alcohol
dependence (AD) [Gelernter and others 2014], the minor allele rs10516440*G, which
correlated with reduced expression of ADHI genes, was nominally associated with
increased AD risk (N = 8,788, z = 3.952, p = 7.74*107°) with nearly equal contribution from
both African-Americans (N = 4,141, z = 2.63, p = 8.52*1073) and European-Americans (N =
4647, z = 2.96, p=3.07*1073), although, lacking the associated informatics, this was not
stressed in that prior publication. This observation may serve to highlight the possible
advantages of identifying functional SNPs based on various annotations.

Molecular Functions

Literature Review

ADH1B is mainly known for its involvement in the major human ethanol metabolic pathway
(Figure 4). There are four distinct human ethanol degradation pathways, three oxidative
pathways and one non-oxidative pathway [Zakhari 2006]. The oxidative mechanisms differ
for the first step where ethanol is converted to acetaldehyde: 1) cytosolic ADH (e.g.,
ADH1B); 2) Cytochrome P450 2E1 (CYP2E1); 3) Peroxisomal catalase. Acute ethanol
consumption induces the hepatic oxidative pathways, predominantly the ADH-mediated
pathway [Zakhari 2006]. Conversely, chronic ethanol consumption increases the
contribution of hepatic CYP2EL1 activity and non-oxidative pathways with respect to ADH.
Inhibition of oxidative ethanol metabolism increases FAEE levels, indicating that oxidative
and non-oxidative mechanisms are alternative metabolically linked pathways [Zakhari
2006]. In all oxidative pathways, the second step, where acetaldehyde is converted to
acetate, is mediated by mitochondrial aldehyde dehydrogenase (ALDH). The non-oxidative
metabolism is not completely understood, but its final products are fatty acid ethyl esters
(FAEES) and phosphatidyl ethanol. Ethanol metabolic mechanisms have been observed
mainly in hepatic tissue, but also occurs in other organs, including stomach, pancreas, lung,
and brain [Deitrich and others 2006; Zakhari 2006].

Bioinformatic Analysis

ADH1B shows enzymatic activities besides those related to ethanol. According to the
HumanCyc database (available at http://humancyc.org/; [Romero and others 2005]), ADH1B
catalyzes 19 different reactions interacting with different substrates and cofactors (Table 2).
Considering multiple databases (i.e., Biosystems [Geer and others 2010], Reactome
[Fabregat and others 2016], PharmGKB [Whirl-Carrillo and others 2012], KEGG [Kanehisa
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and others 2016]), ADH1B is reported to be involved in the metabolic pathways of many
compounds besides ethanol, including fatty acids, acetone, epinephrine, glucose, retinol,
tyrosine, tryptophan, ifosfamide, cyclophosphamide, abacavir, and celecoxib; and notably,
neurotransmitters serotonin and norepinephrine (Supplemental Table 4). To understand
further the interaction of ADH1B with other proteins and the related molecular mechanisms,
we investigated the STRING v.10.0 database (available at http://string-db.org/; [Kanehisa
and others 2016]) considering interaction score > 0.9 (highest confidence) and excluding
textmining from the interaction sources. We observed that ADH1B shows highest-
confidence interactions with 18 known proteins (Figure 5; Supplemental Table 5). We then
conducted a Gene Ontology (GO) enrichment analysis considering the ADH1B protein
interactive network, and observed 10 significant GO results (FDR < 5%; Supplemental Table
6) related to metabolic processes (GO~0006805, GO~0044281, GO~0044710,
GO~0071704, GO~0044237, and GO~0008152), cellular response (GO~0071466,
GO~0070887, and GO~0042221), and catalytic activity (GO~0003824).

Alcoholism

Literature Review

The initial studies about the role of alcohol metabolism genes in alcohol sensitivity
explained, at first, some of the population differences in alcohol intoxication symptoms (e.g.,
facial flushing, elevation of skin temperature, increase in pulse rate, and ventilation): many
Asian-ancestry subjects showed an increased sensitivity to alcohol drinking compared to
European-ancestry individuals [Wolff 1972]. Population screenings determined that Asian
populations present higher frequencies of a highly-active hepatic ADH isoform and a highly-
inactive hepatic ALDH isoform than those observed in European populations [Goedde and
others 1979; Stamatoyannopoulos and others 1975]. As noted above, ADH and ALDH
enzymes catalyze different steps in the process of alcohol degradation. The intermediate
product of this two-step reaction is acetaldehyde, which is more toxic than ethanol itself
(while more reinforcing in the CNS) and it is mainly responsible for alcohol intoxication
symptoms [Brooks and Zakhari 2014]. Since both highly-active ADHSs and highly-inactive
ALDHs have the potential to cause increased circulating acetaldehyde levels, several authors
hypothesized their possible involvement in population differences in alcohol sensitivity
[Goedde and others 1979; Stamatoyannopoulos and others 1975]. These variant ADH and
ALDH isoforms are encoded by gene alleles with nonsynonymous substitutions in the
encoded proteins (those in ADH1B are discussed above) and in 1991, in one of the first
studies in psychiatric genetics to use a molecular approach, Thomasson and colleagues
demonstrated that ADH1B*2 (Arg48His, rs1229984) and ALDH2*2(Glu504Lys, rs671) are
associated with reduced risk of alcoholism in an Asian sample [Thomasson and others
1991]. Notwithstanding the small size of the sample used in this study, the findings have
been confirmed many times since. Subsequently, numerous gene-candidate studies showed
that, although ADH1Brs1229984 minor allele frequency (MAF) is lower in non-Asian
populations than that observed in Asians, it is protective with respect to alcohol drinking
behaviors also in other ancestries [Li and others 2011a; Luo and others 2006]. Conversely,
ALDHZ2rs671 is very rare in non-Asian populations (MAF < 1% in accordance with 1,000
Genomes Project Phase 3 data; [1000 Genomes Project Consortium and others 2015]) and
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no informative analysis can be conducted in European-ancestry subjects. In African and
Native American populations, ADH1B rs2066702 (Arg370Cys) showed protective effect
similar to that observed for ADH1B rs1229984 [Ehlers and others 2012; McCarthy and
others 2010]. Our meta-analysis of candidate gene studies confirmed the strong involvement
of ADH1Brs1229984 in AD risk, and also for alcohol abuse and alcohol-induced diseases
in multiple ethnic populations [Li and others 2011a]. The same result was also confirmed by
an independent meta-analysis of genetic studies of alcohol drinking behaviors [Buhler and
others 2015]. Genomic studies have demonstrated that candidate gene analysis and their
meta-analyses can produce false positive results due to publication bias [Sullivan 2013].
Although the relationship between ADH1B and alcohol-related traits is on much firmer
biological and statistical ground than most other such associations [Bierut and others 2012],
it was also important to demonstrate the relationship in a genome-wide context. GWAS
(hypothesis-free investigations) can be powerful in investigation of the genetic architecture
of complex traits, such as alcohol drinking behaviors. GWAS of AD and maximum number
of alcoholic drinks confirmed the protective effects of ADH1Brs1229984 and rs2066702
with respect to alcohol drinking behaviors in European-Americans and African-Americans
[Gelernter and others 2014; Xu and others 2015]. On the basis of these previous GWAS,
ADH1Brs1229984 and rs2066702 appear to have relatively large effect sizes on AD
symptom count and maximum daily number of alcoholic drinks in European-Americans and
African-Americans respectively (Table 3). Although these effect sizes are substantially
larger than the average for alleles discovered in GWAS of complex traits, they explain very
little of the variance of the alcohol use behaviors. Indeed, it is widely recognized that the
predisposition to complex traits, such as alcohol use disorder, is highly polygenic with
hundreds to thousands of loci likely involved [Loh and others 2015].

A further analysis of the ADH1B locus also highlighted that non-coding variants contribute
to AD risk and the gene haplotype structure to population differences [Polimanti and others
2015a]. GWAS conducted in Asian populations also confirmed the protective role of
ALDHZ2rs671 [Baik and others 2011; Quillen and others 2014; Takeuchi and others 2011].
Recent studies also reported that ADHIB rs1229984 and rs2066702 are associated directly
with the accumulation of blood acetaldehyde [Kang and others 2014] as predicted by
knowledge of their physiological functions, in agreement with their effects on enzymatic
activities [Chiang and others 2016] and the results of genetic studies of alcoholism.
However, ALDHZ2rs671, rather than ADH1B rs1229984, seems more responsible for
acetaldehyde concentrations and facial flushing in Asians populations [Peng and others
2014]. In this scenario, where genotype affects the enzymatic activity which increases the
symptoms which reduce alcohol drinking behaviors, other factors also seem to moderate the
protective effect of ADH1B rs1229984 on alcohol drinking behaviors. Two studies
conducted in independent samples observed a reduced protective effect of ADHIB
rs1229984 on alcohol drinking behaviors in subjects exposed to childhood adversity [Meyers
and others 2015; Sartor and others 2014]. A further study observed a reduced protective
effect of ADH1Brs1229984 on alcohol drinking behaviors in adolescents reporting most or
all best friends drinking [Olfson and others 2014].

Further pathogenic mechanisms could be related to methylation. In the ADH gene cluster,
DNA methylation, which is also modulated by genetic variation, appeared to at least

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Polimanti and Gelernter Page 7

partially underlie the association of genetic variation with AD [Zhang and others 2014a].
Finally, our recent study extended our understanding of the ADH1B association with
symptoms related to alcohol use disorders considering DSM-1V and DSM-5 diagnostic
systems [Hart and others 2016]. We observed that ADH1Brs1229984 was related to a range
of alcohol-related social/interpersonal problems and the associations were mediated by the
maximum number of drinks consumed in a 24-hour period (a measure of innate tolerance),
suggesting that variation in ADH1B affects the adaptation to heavy drinking [Hart and
others 2016].

Human Evolutionary History

Literature Review

As discussed above, ADH1Brs1229984 MAF shows very strong differences between Asian
and non-Asian populations. Figure 5 reports the allele frequencies in the 53 populations
from seven continental groups of Human Genome Diversity Project (available at http://
hgdp.uchicago.edu/cgi-bin/gbrowse/HGDP/; [Li and others 2008]). Initial candidate gene
studies highlighted that variation in ADH gene cluster presents unusual patterns of linkage
disequilibrium and diversity in Asian populations, and, in particular, ADH1Brs1229984
frequencies are not driven by random genetic drift but are instead attributable to positive
selection in these human groups [Han and others 2007; Li and others 2007; Osier and others
2002]. Further analyses determined that the emergence of the ADH1Brs1229984 minor
allele occurred about 10,000~7,000 years ago, which coincides with the time of origin and
expansion of neolithic agriculture (rice domestication) in southern China [Peng and others
2010]. However, a subsequent study demonstrated that the expansion of the selected
ADH1Brs1229984 haplogroup is more recent, around 2,800 years ago [Li and others
2011b]. Furthermore, although ADH1Brs1229984 originated in the ancestors of Sino-
Tibetan populations and the high diversity is present in Tibetan ADH1B haplotypes, no
selection was observed in modern Tibetans [Lu and others 2012]. Methods based to different
selection statistics (e.g., population differentiation and haplotype lengths) were applied to
genome-wide data and confirmed the positive selection signatures in ADH1B gene in Asians
[Peter and others 2012; Wang and others 2014c]. Some authors also hypothesized that,
within Asian ancestry, other types of natural selection for ADH1B rs1229984, together with
positive selection, are also present, including stabilizing selection and divergent selection
[Evsyukov and Ivanov 2013]. A recent investigation based on principal component analysis
also reported a genome-wide significant signal of selection for ADHIB locus in Europeans,
suggesting convergent evolution in Europe and East Asia [Galinsky and others 2016].

Although multiple kinds of evidence strongly indicate that evolutionary pressures shaped
ADH1B genetic diversity, the mechanisms are not well understood. Although some authors
suggest it is due to the concomitant occurrence of ADH1Brs1229984 and rice domestication
(and the consequent use of rice-fermented beverages) [Peng and others 2010], the protective
effect of ADH1B on alcoholism, a “modern” phenotypic trait, is unlikely to be the force
responsible for the selection of ADH1Brs1229984, especially since ADHI1Brs1229984
expansion and selection seem to be more recent than rice domestication (rice domestication:
10,000~7,000 years ago; ADH1Brs1229984 expansion: 2,800 years ago) [Li and others
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2011b]. A recent study demonstrated that ALDHZ2rs671, the other locus associated with
increased acetaldehyde levels in Asians [Kang and others 2014], is also associated with
reduced risk of tuberculosis [Park and others 2014]. Although in the same study no
association was found between tuberculosis and ADH1B and there is no genome-wide
evidence for natural selection at the ALDH?Z locus, this finding may suggest a role of
alcohol-metabolism genes in the predisposition to infectious diseases, which are the most-
recognized environmental factors that have shaped the human genome during its
evolutionary history [Daub and others 2013]. A phenome-wide association study (PheWAS)
in a large Asian cohort could help to direct future evolutionary investigations of ADH1B
locus.

Further support for the evolutionary role of ADHI genes is provided by investigations of
primate evolution. Although there is still an open debate, primates showed multiple
independent gene conversions among ADH1 paralogous genes in marmoset, macaque, and
human lineages [Carrigan and others 2012]. Analyzing ADH1B cDNA from mouse,
chimpanzee, and human samples, the synonymous and non-synonymous substitution
(dN/dS) ratios was significantly low in all pairs, suggesting the presence of purifying
selection [Oota and others 2007]. This supports that the ADH system was evolutionarily
selected to be highly efficient, most obviously to permit a higher consumption of fermented
fruits.

Predisposition to Cancer

Literature Review

Alcohol consumption is a risk factor associated to several forms of cancer and the
International Agency for Research on Cancer (IARC) has defined acetaldehyde (the first
intermediate product of alcohol degradation) associated with consumption of alcoholic
beverages as “carcinogenic to humans” (Group 1) [IARC Working Group on the Evaluation
of Carcinogenic Risks to Humans 2010; IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans 2012]. In particular, alcohol carcinogenesis mostly affects
tissues directly exposed to alcohol ingestion (e.g., the oral cavity, pharynx, esophagus,
larynx, and colon), tissues involved in alcohol metabolism (e.qg., liver), and tissue exposed to
alcohol-associated oxidative stress (e.g., breast) [Persson and others 2013; Toh and others
2010; Varela-Rey and others 2013]. The full set of carcinogenic mechanisms of alcohol,
including formation of acetaldehyde-DNA adducts, hyperregeneration, and epigenetic
changes, is still to be elucidated and confirmed [Brooks and Zakhari 2014]. Genetic studies
(candidate gene studies, meta-analyses, and GWAS) of alcohol-associated cancers (AAC;
e.g., upper aerodigestive tract cancers, hepatocellular carcinoma, breast cancer, colon cancer,
and thyroid cancer) have repeatedly implicated risk alleles in alcohol metabolism genes,
including ADH1B, ALDH?Z, and other ADH genes, especially in Asian populations [Hidaka
and others 2015; Liu and others 2016; McKay and others 2011; Wang and others 2014a;
Wang and others 2014b; Wu and others 2012; Zhang and others 2015]. Furthermore,
ADHI1Band ALDHZ alleles showed interaction with alcohol use behaviors in determining
AAC risk [Masaoka and others 2016; Maurya and others 2014; Siegert and others 2013;
Zhang and others 2014b]. Beyond alcohol consumption, ADH and ALDH alleles seem to
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interact with other factors in relation to cancer risk, such oral hygiene [Tsai and others
2014]. The effects of ADHIBand ALDHZdo not appear to be limited to cancer onset risk,
but also contribute to the cancer prognosis [Kagemoto and others 2016; Tucker and others
2014]. To understand better the mechanisms that link ADH1B and ALDHZ2 with the
predisposition to cancer, different authors have investigated the genomic features of AAC
tissue. Both the ADH1B and ALDH?Z genes showed downregulation in different types of
tumor tissues [Kropotova and others 2014; Liu and others 2015] and this seems to be due to
epigenetic changes, such as hypermethylation of the promoter regions and non-hystonic
acetylation [Shen and others 2016; Udali and others 2015].

Human Phenome

Literature Review

Since ADH1B 51229984 has a large effect on alcohol drinking behaviors, many studies
have investigated its association with additional phenotypes. Due to its role in liver
detoxification, the ADH1B protective allele was tested with respect to alcoholic liver disease
in multiple independent candidate gene studies, and our meta-analysis confirmed its strong
association [Li and others 2011a]. However, a large study conducted in cohorts (N = 9,080)
from the Copenhagen City Heart Study showed that ADH1B rs1229984 genotypes were not
associated with and did not modify the effect of alcohol on biochemical tests or risk of liver
disease [Tolstrup and others 2009]. The same study cohort was also used to conduct a large
Mendelian-randomization study (N = 54,604) to estimate the causal effects of long-term
alcohol consumption on coronary heart disease risk factors [Lawlor and others 2013]. The
authors observed effects of long-term alcohol consumption, calculated on the basis of
ADH1B genotype (instrumental variable), on blood pressure, body mass index (BMI), and
triglyceride levels [Lawlor and others 2013]. A larger Mendelian-randomization study (N =
261,991) replicated these results, reporting that the carriers of the protective allele had a
more favorable cardiovascular profile and a reduced risk of coronary heart disease than those
without the genetic variant [Holmes and others 2014]. Since there is a U-shaped relationship
between alcohol use and cardiovascular events — that is, moderate alcohol consumption leads
to better outcome than very low or very high — the Alcohol-ADH1B Consortium tested this
hypothesis using ADH1Brs1229984 as a genetic instrument and they confirmed the
presence non-linear causal effects of alcohol intake [Silverwood and others 2014]. This non-
linear relationship was also confirmed by the ADH1B genotype-differential effect of
initiating moderate red wine consumption on 24-h blood pressure observed in a randomized
trial of patients with type-2 diabetes [Gepner and others 2016]. In Asian alcoholic
individuals, both ADH1B and ALDHZ protective alleles showed association with high
serum triglyceride levels and low serum cholesterol levels, leukocyte, granulocyte, and
monocyte counts [Yokoyama and others 2016; Yokoyama and others 2015]. Our GWAS of
BMI in subjects with AD identified ALDH1A1 as a risk locus, supporting the role of alcohol
risk genes in the predisposition to metabolic traits [Polimanti and others 2015b]; this should
be considered in light of our comments in the Introduction, namely that in alcohol-
dependent individuals, alcohol can not only account for a substantial part of the individual’s
caloric intake, but can displace other nutrients. A transcriptomic analysis also identified
ADHIB as involved in the differentiation of brown adipose tissue [Tews and others 2014]
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and its transcriptional changes in adipose tissue are associated with waist circumference,
BMI, and fasting plasma insulin [Winnier and others 2015].

Another large Mendelian-randomization study (N = 34,452) was conducted using ADH1B
rs1229984 as the instrumental variable to understand the relationship between alcohol
consumption and cognitive performance; there was no significant association [Kumari and
others 2014]. Negative results were also observed in independent studies of cognitive
impairment and depression conducted in older men (N = 3,542 and 3,873, respectively)
[Almeida and others 2014a; Almeida and others 2014b]. However, different studies reported
a protective effect of ADHI1B genotype with respect to educational achievements
[Borinskaya and others 2013; Latvala and others 2014; von Hinke Kessler Scholder and
others 2014] — that is, the minor allele, protective with respect to alcohol use disorders, also
is associated to higher educational attainment. ADH1B rs2066702 and rs1229984 showed
also protective effects with respect to prenatal alcohol exposure in relation to school
performance and attention in subjects of African and European descends, respectively
[Dodge and others 2014; Zuccolo and others 2013]. Our recent PheWAS increased the
spectrum of phenotypic traits potentially associated with ADHI1B variation [Polimanti and
others 2016a]. We identified multiple findings related to psychological traits, socioeconomic
status, vascular/metabolic conditions, and reproductive health and, applying Bayesian
network learning algorithms to investigate the causative relationships among ADH1B,
alcohol use, there novel traits, we observed that some of these observations may be
independent from the role of ADH1B in alcohol metabolism and due to other ADH1B
functions [Polimanti and others 2016a].

Future Perspectives

Here we presented a comprehensive review of the information available from molecular
databases and current literature regarding the role of ADH1B in alcohol use disorders and
more generally, in the human phenome. The majority of the evidence is focused on how
ADH1B non-synonymous substitutions (rs1229984 and rs2066702), associated with
increased catalytic activity, are associated with large effects on alcohol sensitivity, which
consequently affects drinking behaviors and long-term consequences of alcohol use.
However, some aspects of this alcohol-related cascade need additional study. For instance,
ADH1B protective alleles seem to have a reduced effect on alcohol drinking behaviors in
subjects exposed to a negative social environment [Meyers and others 2015; Olfson and
others 2014; Sartor and others 2014]. Investigating subjects with high alcohol sensitivity
may facilitate the identification of loci that interact with social environment in determining
alcohol drinking behaviors. Another example is related to the role of ADH1B in the
predisposition to cancer: it is not clear whether this association is mediated by alcohol use,
by alcohol metabolism in non-hepatic tissues, or by both mechanisms. Furthermore, the
analysis of ADH1B protein networks with genome-wide data can contribute to clarifying the
pathogenic pathways by which alcohol contributes to carcinogenesis.

We refer to these genes as alcohol metabolism loci, but their protein products have other
functions as well. Beyond these alcohol metabolism-related aspects, there are other issues,
which may open new routes in ADH1B research. Beyond the hepatic ADH1B isoform
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(ENST00000394887), there is another ADHI1B transcript (ENST00000506651) highly
expressed in adipose and cardiac tissues (GTEXx data). Since transcriptomic analysis
demonstrated that ADH1B expression in adipose tissues is associated with metabolic traits
[Winnier and others 2015], further investigations are necessary to understand the
mechanisms related to non-hepatic ADHI1B expression. One important aspect of ADHIB
gene regulation is surely the role of non-coding variants. In GTEx data, we observed that
non-coding variants regulate ADH1B expression in multiple tissues and, in particular,
rs10516440 seems to coordinate the gene expression of ADHI genes in multiple tissues and
to be associated with alcohol dependence in African-Americans and European-Americans.
Important information could be provided by understanding how coding and non-coding
variations interact in determining the ADH1B function and how ADH1B regulatory
mechanisms are shared with the other ADH genes. Investigating ADH1B molecular
pathways, we observed that this gene is involved in metabolism of multiple drugs, including
ifosfamide, cyclophosphamide, abacavir, and celecoxib (PharmGKB data). To our
knowledge, no study has investigated the effect of the known ADHI1B functional alleles on
the pharmacokinetics/pharmacodynamics of these drugs. Future studies should also deepen
our understanding of ADH1B functions not related to alcohol metabolism. Our recent
PheWAS highlighted that ADH1Brs1229984 is associated with a wide range of phenotypic
traits and some of these appear not to be mediated by alcohol use [Polimanti and others
2016a]. Additional support regarding non-alcohol-related functions of ADHI1B is provided
by evolutionary studies. The strong selection signatures observed in the ADHIB locus in
Asian populations (with suggestive evidence of convergent evolution in Europeans;
[Galinsky and others 2016]) are very likely not related to alcohol consumption, mainly
because ALDH?Z, the other locus affecting alcohol drinking behaviors in Asians (and with an
even stronger effect), does not show any genomic selection signature. Both our PheWAS and
the evolutionary evidence strongly suggest that ADH1B should present other functions with
relevant effects on the human phenome and further studies based on phenome-scan and
polygenic adaptation [Polimanti and others 2016c] are needed to clarify the role of ADH1B
in human evolution. Our recent genome-wide gene-by alcohol dependence analysis of risky
sexual behaviors also indicated that alcohol dependence and its risk alleles may moderate
the predisposition to risky behaviors [Polimanti and others 2016b]. Due to its large effects
on alcohol dependence, ADHI1B is a strong candidate to be investigated in relation to risky
behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
ADH1B expression across human tissues (data available at http://www.gtexportal.org/
home/).
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Figure 2.

ADH1B isoform expressions (ENST00000506651, ENST00000394887,
ENST00000515694, ENST00000504498, and ENST00000305046) across human tissues
(data available at http://www.gtexportal.org/home/).
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Effects of rs10516440 on ADH1B expression across human tissues (data available at http://
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Figure 4.
ADH1B protein interactive network (data available at http://string-db.org/).
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ADH1B 51229984 variation across human populations (data available at http://

hgdp.uchicago.edu/).
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