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Abstract

It has been well documented that genetic factors can influence predisposition to develop
alcoholism. While the underlying genomic changes may be of several types, two of the most
common and disease associated are copy humber variations (CNVs) and sequence alterations of
protein coding regions. The goal of this study was to identify CNVs and single-nucleotide
polymorphisms that occur in gene coding regions that may play a role in influencing the risk of an
individual developing alcoholism. Toward this end, two mouse strains were used that have been
selectively bred based on their differential sensitivity to alcohol: the Inbred long sleep (ILS) and
Inbred short sleep (1SS) mouse strains. Differences in initial response to alcohol have been linked
to risk for alcoholism, and the ILS/ISS strains are used to investigate the genetics of initial
sensitivity to alcohol. Array comparative genomic hybridization (arrayCGH) and exome
sequencing were conducted to identify CNVs and gene coding sequence differences, respectively,
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between ILS and ISS mice. Mouse arrayCGH was performed using catalog Agilent 1 x 244 k
mouse arrays. Subsequently, exome sequencing was carried out using an Illumina HiSeq 2000
instrument. ArrayCGH detected 74 CNVs that were strain-specific (38 1LS/36 ISS), including
several 1SS-specific deletions that contained genes implicated in brain function and
neurotransmitter release. Among several interesting coding variations detected by exome
sequencing was the gain of a premature stop codon in the alpha-amylase 2B (AMY2B) gene
specifically in the ILS strain. In total, exome sequencing detected 2,597 and 1,768 strain-specific
exonic gene variants in the ILS and ISS mice, respectively. This study represents the most
comprehensive and detailed genomic comparison of ILS and 1SS mouse strains to date. The two
complementary genome-wide approaches identified strain-specific CNVs and gene coding
sequence variations that should provide strong candidates to contribute to the alcohol-related
phenotypic differences associated with these strains.

Introduction

According to a recent assessment of alcohol-related costs, excessive alcohol intake leads to
approximately 79,000 deaths and $223.5 billion in spending in the US each year (Bouchery
et al. 2011). Further, it was recently estimated that as high as 7 % of 18-29 year olds in the
United States had alcohol abuse behaviors as defined by the DSM-1V (Grant et al. 2004)
Alcoholism is a complex disease that has a heritability factor of 0.5 (Dick et al. 2009), which
suggests a substantial genetic component that influences the risk of developing the
condition. This study aims to apply two complementary genome-wide technologies to
mouse strains developed as animal models of alcohol action. The two strains of mice, Inbred
long sleep (ILS) and Inbred short sleep (ISS) (McClearn and Kakihana 1981), have been
extensively studied (Bennet and Johnson 1998; Bennett et al. 2000a, b; Collins 1981,
Deitrich 1990) in alcohol research. These two strains have been selectively bred based on
their differential sensitivity to alcohol, including their phenotypic differences in their loss of
righting reflex (LORR) (Markel et al. 1995, 1997; Bennet and Johnson 1998). ISS mice are
able to right themselves much quicker than the ILS mice after receiving the same dose of
ethanol. The regions linked to the loss of righting induced by ethanol (Lore) have been
narrowed by quantitative trait loci (QTL) analysis, but no high-resolution strategy has been
applied to determine exact genomic sequence variants and dosage changes (copy number
variations; CNVs) that directly affect or cause the loss of righting phenotype. As genetic
technologies and approaches have improved over recent years, some progress has been made
in determining what genes underlie the phenotypic differences between ILS and ISS mice.
Examples include the use of mouse QTL mapping (Bennet and Johnson 1998; Bennett et al.
2000a, b; Markel et al. 1995, 1997; Ehringer and Sikela 2002), gene expression profiling
(Xu et al. 2001; MacLaren and Sikela 2005; MacLaren et al. 2006), comparative DNA
sequencing (Ehringer et al. 2001, 2002) and transcriptome analysis (Darlington et al. 2013).
However, these studies did not account for copy humber variation, which contributes to
many disorders (Weischenfeldt et al. 2013; Mefford et al. 2008; Brunetti-Pierri et al. 2008;
Dumas et al. 2012). Additionally, mouse genome sequences contain many gaps, and
complex duplication-rich regions are likely to be misassembled and ignored in most assays.
The phenotypic affects of alcoholism, like many complex disorders with a genetic influence
(Mefford et al. 2008; Brunetti-Pierri et al. 2008; International Schizophrenia Consortium
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2008; Pinto et al. 2010; Jaillard et al. 2010; de Kovel et al. 2010), may be at least in part due
to genomic structural variation such as CNVs. CNVs may influence alcohol action and
metabolism by altering the dosage and possibly function of critical genes involved in these
processes. Likewise, no genome-wide effort has yet been reported to identify strain-specific
gene coding sequence differences between the ILS and ISS mice.

To better understand strain-specific genomic structural (CNVs) and gene coding changes
that produce different alcohol-related phenotypes, arrayCGH (7= 6) and exome sequencing
(n=4) were performed on individuals from both strains. By allowing both structural
variations and gene coding sequence differences to be identified, these combined approaches
represent the most comprehensive genomic comparison of ILS/ISS mice so far reported.

Materials and methods

ArrayCGH

ArrayCGH was conducted using catalog Agilent 1x244 k mouse arrays. Each array contains
244,000 whole genome probes. The sample set included 4 1SS mice and 2 ILS mice, and the
same reference DNA was used (C57BL/6J) so that we could compare all samples tested. The
arrays were processed at Oxford Gene Technology in the UK.

ArrayCGH analysis

Cytosure version 3.3.2 was used to view and detect copy number variation across each
sample. The criteria for calling either a duplication or a deletion required a log?2 ratio greater
than 0.3 or less than —0.3, respectively. Additionally, a minimum of five consecutive probes
and more than 0.1 kb in length were required. The normalization was done in Cytosure
version 3.3.2 using the chromosomal mean method. ILS and ISS mice were compared to the
reference C57BL/6J to determine CNVs in each strain. These CNV counts and locations in
turn were compared between strains and then compared within strains. This strategy allowed
us to identify risk CNVs but also let us explore genomic variation that may exist in mice of
the same strain. Aberration reports were generated using Cytosure version 3.3.2, and data
were compiled in Xcel.

Exome sequencing

The exomes of individuals from both ILS (7= 2) and ISS (n7= 2) strains were targeted and
sequenced using the Agilent SureSelect XT Mouse Exome Kit. CSNPThe Illumina HiSeq
2000 was used with an average coverage of 30x and 2 x 100 bp paired-end reads.

Exome sequencing analysis

Sequence reads were trimmed of any poor quality sequence using a Perl script and then
aligned to the mm10 reference genome using BWA (Li and Durbin 2009). ANNOVAR
(Wang et al. 2010) was used with the mm10 RefSeq genes to determine the type of each
cSNP (indel, synonymous, nonsynonymous, stop codon gain/loss, frameshift). A Perl script
was used to parse the ANNOVAR variant call files to identify variants and genes that are
found in both samples of one group but not any sample from the other group.
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Independent cSNP verification using Sanger sequencing

Results

11 ILS and 11 ISS mouse tail snips were obtained, and DNA was purified using a QIAGEN
DNeasy Blood/Tissue extraction kit. PCR primers were designed to produce a 413 bp
ampilicon encompassing exon 1 of the alpha-amylase 2B (AMY2B) gene. The primer
sequences include forward: AGGTTTCACACATAACACTCACG and reverse.
TCCATCACCTGTTCACATCC. Using the standard PCR protocol, the 22 purified DNAs
were PCR amplified and the products were run on a 1 % agarose gel to verify amplification
and size. After verification, 6 PCR products from each strain were purified using the Qiagen
QIAquick PCR purification kit. Five of the purified PCR products from each strain were
sequenced using the same Amy2b PCR primers and following standard Sanger sequencing
protocol.

Genome-wide arrayCGH was used to investigate the role of genome structural variation
(e.g., CNVs) in the differential initial sensitivity to alcohol between ILS and ISS strains.
Given the well-established phenotypic differences between the ILS and ISS strains, the most
interesting CNVs identified in this study are those that are strain-specific, i.e., the CNV is
found in either all ILS or all ISS mice tested. Using arrayCGH, 74 aberrations were detected
that were common only to the ILS or to the ISS strains (Supplemental Table 1). Of these,
ISS mice had 36 CNVs (6 gains, 30 losses), and ILS mice had 38 CNVs (10 gains, 28
losses). These aberrations ranged in size from 18,358 to 1,414,880 bp and were located on
all autosomes except chromosome 9. Figures 1 and 2 shows an example of ILS-and 1SS-
strain-specific CNVs located on chromosome 4.

More detailed analysis of these CNVs identified a number of genes that have been linked to
biological processes potentially related to known phenotypic differences between ILS and
ISS strains. Among ISS mice, several deletions were identified that contain genes that have
been linked to brain function, a finding that may help explain why ISS mice show a more
extreme phenotypic profile than the ILS mice. For example, an ISS-specific deletion on
chromosome 7 contains the gene that encodes the alpha 1B subunit of the N type, voltage-
dependent calcium channel, which controls neurotransmitter release from neurons.
Similarly, an ISS-specific deletion on chromosome 14 contains the Erc2 gene that encodes a
member of the ELKS/RAB6-interacting/CAST family thought to also be involved in
neurotransmitter release. Finally, an ISS-specific deletion on chromosome 19 contains the
Sorcsl gene that encodes the sortilin-related VPS10 domain-containing receptor 1 that is
strongly expressed in the central nervous system.

Among ILS mice, one of the most interesting CNVs was a duplication of a segment on
chromosome 19 that included at least four genes, some of which have known, and important,
biological functions. These include the NF-kappa-B (nfkb2) gene that has been implicated in
immune-related functions, including inflammatory events, and the Psd gene, which is
guanine-nucleotide exchange factor for ARF6 and encodes plekstrin and Sec7 domains.

Several other biologically interesting gene-based CNVs between the two mouse strains were
detected by arrayCGH (Supplemental Tables 1, 2, 3). We identified CNVs in candidate
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genes including UDP-glucuronosyltransferase 1 family, polypeptide Al (Ugtla6a), major
urinary protein (MUP) 1 and transmembrane protein 181 (Tmem181). More specifically, we
found that ISS mice have a loss of Ugtla6a which encodes a UDP-glucuronosyltransferase,
an enzyme of the glucuronidation pathway important in xenobiotic metabolism. In humans,
mutations in this gene result in Crigler—Najjar syndromes types | and Il and in Gilbert
syndrome. These syndromes are caused by a reduced ability to detoxify bilirubin, which is
made in the liver (Sampietro and lolascon 1999). Additionally, ILS has a loss of the MUP1
gene which encodes a protein produced by the liver and is involved in glucose and lipid
metabolism (Hui et al. 2009; Zhou et al. 2009). Finally, ILS mice have a gain of the
Tmem181 gene, which encodes a putative G-protein-coupled receptor expressed on the cell
surface (Wollscheid et al. 2009) and is involved in toxin binding (Carette et al. 2009). All
three of these genes have a plausible role in alcohol metabolism and warrant further
investigation.

In addition, both strains shared common CNVs that were not found in the control mouse
strain: C57BL/6J (Supplemental Table 2). Additionally, arrayCGH confirmed that within-
strain variations do exist in both ILS and ISS strains, strengthening the evidence that mice
from the same inbred strain are not genetically identical (Supplemental Table 3). (Watkins-
chow and Pavan 2008; Cutler and Kassner 2009). Table 1 summarizes these findings.

As a complement to arrayCGH, exome sequencing was applied to both strains to identify
strain-specific gene coding sequence variations. Based on the exome sequences, a total of
4,365 unique exonic gene variants were detected. Of these, 961 and 585 were
nonsynonymous gene changes for ILS and ISS mouse strains, respectively (Supplemental
Table 4). Of all cSNPs, ILS mice had a total of 49 strain-specific frameshift indels, and ISS
mice had 37 frameshift indels that were strain-specific. Table 2 lists the sequence
polymorphisms detected by exome sequencing of the ILS and ISS strains. Additionally, 24
candidate genes were identified based on the presence of stop codons that were either gained
or lost in a strain-specific manner (Table 3). One of the most interesting of these involved the
Amy2b which contained a cSNP (on the negative strand) in the ILS strain that created a
TGA stop codon. The Amy2b cSNP was sequenced via the Sanger method to verify that the
cSNP causing the stop codon gain in the ILS mice was strain-specific. Five of each ILS and
ISS mice underwent Sanger sequencing and confirmed a homozygous cSNP present in all
ILS mice and absent in all ISS mice. The cSNP found in the ILS strain disrupts the entire
translated protein because it is the first exon of ten exons in Amy2b.

Discussion

The ability to survey and compare entire genomes for structural and coding differences using
the complementary methods of arrayCGH and whole exome sequencing represents a
powerful tool for the study of the genes and genomic variations that underlie alcohol-related
phenotypes. In this study, we identified mouse strain-specific genomic structural changes
and novel gene sequence variations that have not been previously identified in mouse or
human alcoholic populations.
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Identification of strain-specific CNVs yielded several interesting findings. Among the most
potentially relevant 1SS-specific CNVs were three deletions that contained genes involved in
neurotransmitter release and/or brain function, and include a neuronally expressed voltage-
dependent calcium channel. Given that these gene-containing deletions presumably cause
phenotypic effects related to important brain functions, they are excellent candidates for
follow-up study in these mice as well as in human alcoholic populations.

This paper also represents the first whole exome sequencing of the ILS and ISS strains and
identifies substantial sequence differences between the two strains. Overall, ILS mice had
4,925 more strain-specific cSNPs than the 1SS mice (Table 2). This, in itself, may contribute
to the more severe phenotype related to alcohol sensitivity, and further investigation
examining associations of these mutations with alcoholism in larger populations will prove
informative. ILS mice had 756 more nonsynonymous changes and 27 more cSNP that cause
splicing variants when compared to the ISS strains. In general, the ILS mice harbor a larger
burden of single base substitutions than 1SS mice, and many of those cSNPs are in regions
that are more likely to cause functional consequences.

Although exome sequencing identified several compelling gene coding variants that may
play a role in alcohol response, one of the more biologically interesting candidates was
Amy2b, which contained an ILS-specific premature stop codon. Genes that show a stop
codon gain are likely to have a compromised function, and the fact that the ILS stop codon
occurs near the N-terminus of the predicted protein suggests that the effect likely has a
severe effect on the function of the protein. The Amy2b gene is a member of the amylase
gene family, which is involved in starch metabolism. In humans, the amylase gene family is
composed of five genes (AMY1A, AMY1B, AMY1C, AMY2A and AMY2B) which were
generated during primate evolution from one ancestral gene copy (Samuelson et al. 1990).
AMY 2B is the only one of the five gene members that does not have a retroviral insertion
site, which likely affects transcription (Samuelson et al. 1988a, b; Yokouchi et al. 1990), and
suggests that it is an older version of the gene (Samuelson et al. 1990). Amylase 1 (AMY1)
is produced in the salivary glands, and AMY1 CNVs have been identified in different human
populations that correlate with starch intake in those geographic regions (Perry et al. 2007;
Mandel et al. 2010).

To our knowledge, AMY 2B copy number variation has not been studied in the human
population. According to hgl19, RefSeq identifies only one copy of the AMY2B in humans,
while UCSC genes identify 4 AMY2B copies. It is plausible that extra copies have been
missed or collapsed by the current genome assembly. However, in dogs, AMY2B was found
to be of variable copy number ranging from 4 to 30 copies. Additionally, AMY2B copy
number is greater in dogs than in wolves, and the increase in gene copy number corresponds
to an increase in AMY 2B expression level in dogs (Axelsson et al. 2013).

While alpha-amylase 2A and 2B are pancreatic enzymes, AMY2B has been found to be
present in low levels in human and mouse liver (Koyama et al. 2001; Samuelson et al.
1988a, b), a primary organ of alcohol metabolism. Additionally, McGeachin and Potter
tested several animals (rats, dogs, cats, New Zealand white rabbits, as well as tissue from
hogs and cows) and found that amylase is present and produced in liver cells in all of these
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species. Further, animals with liver damage were associated with decreased amylase levels.
They hypothesized that liver amylase (different than pancreatic and salivary amylase) is
likely involved in glycogen synthesis (McGeachin and Potter 1960).

Perhaps, through differential expression of AMY2B in the liver, alcohol could be
metabolized differently through a different level of starch metabolism. Plants store glucose
as starch which undergoes a conversion to simple sugars in the brewing process to
manufacture alcohol. Amylase facilitates this conversion (Jin et al. 2013). It is conceivable
that the starches in plants used to make alcohol could have an effect on alcohol metabolism
in the liver. To our knowledge, no literature has been published on alcohol metabolism and
AMY2B. However, given the differing strain phenotypes with regards to alcohol
metabolism, the major role that the liver plays in alcohol metabolism, and the connection to
possibly functional and nonfunctional AMY2B, further investigation is warranted.

Taken together, the data presented here represent the most comprehensive genomic
investigation of the ILS/ISS strains so far reported. The strain-specific CNVs and coding
sequence alterations that were identified provide a rich source of candidates to help explain
the alcohol-related phenotypes known to distinguish these strains and may be among the
genetic factors that influence differential human risk to develop alcoholism and alcohol
abuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

ISS-specific loss detected by arrayCGH. ArrayCGH determined log ratio profile of
chromosome 4 from 120 to 124 Mb for both an ILS and ISS mouse. Note the deletion
detected at approximately 121640501 bp to 122218644 bp in the ISS mouse and no apparent

aberration in the same region of the ILS mouse
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Fig. 2.

ILgS—specific SNP causing a stop codon gain in AMY2B gene. Exome sequence reads from
one ILS and one ISS mouse. Sequences are presented from all ILS and ISS mice tested. The
ILS mice have a SNP that changes the base from a G (compared to reference C57BL/6J and
ISS) to an A on the forward strand (fop panel). Exome sequence reads for one ISS mouse are
shown in middle panel. The bottom panel shows the consensus sequence from the reference
genome (C57BL/6J). The AMY2B gene is on the negative strand, but the positive strand is
shown. The SNP creates a premature TGA stop codon in the AMY2B gene specifically in
ILS mice
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Table 1
Numbers of CNVs detected by ArrayCGH
1SS-specific CNVs  ILS-specific CNVs ILSISSshared CNVscompared to ILSwithin-strain CNVs  1SSwithin-strain CNVs
reference C57BL/6J
36 38 22 120 127

The first two columns list the number of 1SS- and ILS-strain-specific CNVs detected via arrayCGH compared to the reference C57BL/6J mouse.
The middle column shows CNVs that the ILS and ISS mice share in contrast to the reference C57BL/6J. The right-most two columns show CNVs
found within the ILS and within the ISS mouse strains
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Table 3

Genes with either stop codon gains or losses in either ILS or ISS strains

Geneswith stop  Geneswith Function
codon gains stop codon
lost
ILS strain-specific
Ceslb Carboxylesterase activity
Nck2 Recruit and bind proteins involved in regulation of receptor protein kinases, and
through these regulatory activities, this protein may be involved in cytoskeletal
reorganization
Heatr7bl Molecular binding
Olfr411 G-protein-coupled receptor activity and olfactory receptor activity
Mepla Hydrolase activity and metal ion binding
AMY2B Hydrolyze 1,4-alpha-glucoside bonds in oligosaccharides and polysaccharides, and
thus catalyze the first step in digestion of dietary starch and glycogen
Zbtb5 Zinc finger and BTB domain-containing protein 5
Aurkc ATP binding, kinase activity, possible role in oocytes and microtubules organization
with the cetrozome during mitosis, and is over expressed in cancer cell lines
Mrgprx2 G-protein-coupled receptor activity and neuropeptide binding
Oca2 Avrsenite trasnsmembrane activity
Defb46 Antimicrobial peptide implicated in the resistance of epithelial surfaces to microbial
colonization
Vmn2r100 G-protein-coupled receptor
Tmem100 Developmental protein
Ifi205 Interferon activated gene 205
Znhit3 Thyroid receptor-interacting protein
Scnml Plays a role in RNA splicing, may contribute to the recognition of nonconsensus
donor sites
Vmn2rl14 G-protein-coupled receptor
ISS strain-specific
Krt42 Structural molecule activity
Tubb4b GTPase activity and binding
Sipa 112 Gap activity for Ras-related regulatory protiens Rap1 and Rap2
Prex1 Guanine-nucleotide-releasing factor
Hbglb Heme binding, oxygen binding
Morn4 Unknown
Mnda Participates in blood cell-specific responses to interferons

Gene symbols are listed for those genes that show either a stop codon gain or loss in either the ILS or ISS strains. Functions were obtained from
GeneCards’ Weizmann Institute of Science, UniProt, and MGl Mouse Genome Informatic, Jackson Labs
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