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Abstract

Background: Genome Wide Association Studies (GWAS) of Alcohol Dependence (AD) and
related phenotypes have identified multiple loci, but the functional variants underlying the loci
have in most cases not been identified. Non-coding variants can influence phenotype by affecting
gene expression; for example, variants in the 3’ untranslated regions (3’UTR) can affect gene
expression post-transcriptionally.

Methods: We adapted a high-throughput assay known as PASSPORT-seq (parallel assessment of
polymorphisms in miRNA target-sites by sequencing) to identify among variants associated with
AD and related phenotypes those that cause differential expression in neuronal cell lines. Based
upon meta-analyses of alcohol-related traits in African American and European Americans in the
Collaborative Study on the Genetics of Alcoholism, we tested 296 single nucleotide
polymorphisms (SNPs with meta-analysis p values < 0.001) that were located in 3’UTRs.

Results: We identified 60 SNPs that affected gene expression (FDR < 0.05) in SH-SY5Y cells
and 92 that affected expression in SK-N-BE(2) cells. Among these, 30 SNPs altered RNA levels in
the same direction in both cell lines. Many of these SNPs reside in the binding sites of miRNAs
and RNA-binding proteins and are expression quantitative trait loci (eQTLSs) of genes including
KIF6, FRMD4A, CADMZ, ADD?Z, PLKZ, and GAS?.

Conclusion: The SNPs identified in the PASSPORT-seq assay are functional variants that might
affect the risk for AD and related phenotypes. Our study provides insights into gene regulation in
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AD and demonstrates the value of PASSPORT-seq as a tool to screen genetic variants in GWAS
loci for one potential mechanism of action.
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Introduction

Alcohol Dependence (AD) is a global health problem and one of the leading risk factors for
death and disability (Collaborators, 2018, Rehm and Shield, 2019, Edenberg and Foroud,
2013). Alcohol dependence was defined in the fourth edition (revised) of the American
Psychiatric Association Diagnostic and Statistical Manual of Mental Disorders (DSM-1V)
(American_Psychiatric_Association, 2000) by the presence of 3 or more of 7 criteria in a 12-
month period. Criteria are tolerance, withdrawal, drinking more than intended, desire to cut
drinking, giving up activities, time spent drinking and excessive alcohol consumption despite
problems. The fifth edition of the American Psychiatric Association Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) (American_Psychiatric_Association, 2013)
integrated AD and alcohol abuse into a single disorder, alcohol use disorder (AUD; for a
comparison see NIH Publication No: 13-7999). There are 11 criteria in DSM-5 (that include
those in DSM-1V), and an individual meeting of any two of the 11 criteria in a 12-month
period is diagnosed with AUD.

AD and AUD are complex disorders in which both genetic differences and environmental
factors affect the risk (Walters et al., 2018, Edenberg and Foroud, 2013, Edenberg and
McClintick, 2018, Hart and Kranzler, 2015, Rietschel and Treutlein, 2013). Understanding
the genetic differences associated with the risk of AD and AUD will provide insights into
the biological mechanisms underlying the disease. They are heterogeneous disorders, and
variations in many genes influence the risk. Individual variants make only small
contributions to the risk (Edenberg and Foroud, 2013, Gelernter et al., 2014, Gelernter et al.,
2019, Walters et al., 2018, Zhou et al., 2019), with the exception of the functional variants in
two of the alcohol-metabolizing enzymes (ADH1B and ALDHZ) (Edenberg and McClintick,
2018). Thus, identification of genetic variations that impact the risk of AD/AUD is
challenging. With the idea that the heterogeneity may well reflect a range of genetic
contributions to individual criteria and related traits, Genome Wide Association Studies
(GWAS) have been carried out on AD and on individual criteria and related phenotypes.
These have identified multiple loci (Walters et al., 2018, Lai et al., 2019a, Lai et al., 2019b,
Wetherill et al., 2019, Gelernter et al., 2019, Zhou et al., 2019, Kranzler et al., 2019);
however, the functional variants underlying those loci have not been characterized. The
genome consists primarily of non-coding SNPs; therefore, it is not surprising that more than
90% of the variants identified by GWAS of complex traits reside in non-coding regions;
however, the significant variants are enriched for potential regulatory elements (Maurano et
al., 2012).

Variants in the 3’ untranslated regions (3’UTR) may act as c¢/s-regulators to modulate
transcript levels. A very sensitive way to detect the effects of a variant in the 3’UTR is to
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examine differential expression of each allele of a single nucleotide polymorphism (SNP)
inserted into a reporter gene (allele-biased expression). We recently developed a high-
throughput assay, PASSPORT-seq (parallel assessment of polymorphisms in miRNA target-
sites by sequencing) (Ipe et al., 2018, Rao et al., 2019), that can simultaneously and
efficiently detect whether hundreds of SNPs are cis-regulators. This assay combines pooled
synthesis of oligonucleotides, bulk cloning into a reporter vector, transfection of the pool
into mammalian cells, and next generation sequencing (NGS) to measure differential
expression. In this study, we use this assay to test the potential effect of SNPs in loci
associated with AD and related phenotypes (with meta-analysis pvalues < 0.001; (Lai et al.,
2019a, Lai et al., 2019h)).

Materials and Methods

Selection of 3’'UTR SNPs

The Collaborative study on the Genetics of Alcoholism (COGA) (Reich et al., 1998,
Edenberg, 2002) is a multi-center collaboration study aimed at identifying genes/variants
that affect the risk of AD and related phenotypes. AD probands and their family members
were recruited from inpatient and outpatient AD treatment facilities in seven sites;
community comparison families were recruited from a variety of sources in the same areas.
This study was approved by institutional review boards from all sites and every participant
provided informed consent or assent. The Semi-Structured Assessment for the Genetics of
Alcoholism (SSAGA) and the child version of the SSAGA (Bucholz et al., 1994,
Hesselbrock et al., 1999) were used for participants age 18 or over and younger than 18,
respectively. COGA samples were genotyped on four genome wide genotyping arrays;
genotyping data processing and QC were reported previously (Lai et al., 20193, Lai et al.,
2019b). GWAS of 11 phenotypes in the COGA African American (AA) and European
American (EA) samples, as well as meta-analyses of them have been published (Lai et al.,
20193, Lai et al., 2019b, Wetherill et al., 2019). For the current study, we performed GWAS
for another seven alcohol related phenotypes, making 18 GWAS in total (Supplemental
Table S1). We then selected for PASSPORT-seq analysis 296 variants that are located in the
3" UTR of genes (defined by NCBI RefSeq annotation) and had A-values < 0.001 in any of
those GWAS. An advantage of high-throughput assays is the ability to test many SNPs that
are not genome-wide significant in current underpowered GWAS but might be functional
and thereby potentially contribute to the risk for the disorder. The list of 296 SNPs used in
this study is in Supplemental Table S2.

Screening for functional SNPs in the 3’'UTR using PASSPORT-seq

The basic idea behind the PASSPORT assay is to determine whether the alternate alleles at a
SNP are differentially expressed as RNA. This is done by transfecting a pool of expression
vectors containing both alleles at all chosen SNPs, and examining biases in allelic
expression by comparing at each SNP the ratio of alleles in the RNA to their ratio in the
expression vectors transfected into the cell. The PASSPORT-seq assay was conducted as
previously described in detail (Rao 2019). Briefly, the assay involves (a) synthesis of a pool
of oligonucleotides that includes both alleles of 296 SNPs, each flanked by 25 nt of their
genomic sequence (Oligomix®, LC Sciences, Houston, TX) (Supplementary Table S2), (b)
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cloning them in bulk into reporter plasmid pIS-0 (12178, Addgene, Cambridge, MA) and
preparing DNA, (c) transient transfection of the pooled DNA into cells, (d) extraction and
purification of DNA and RNA from the cells, and (e) quantitation of the relative amounts of
RNA and DNA for each oligonucleotide by next-generation sequencing. We tested
expression in two neuroblastoma cell lines, SH-SY5Y (CRI-2266, ATCC, Manassas, VA)
and SK-N-BE(2) (CRL-2271, ATCC). Both cell lines were cultured in a 1:1 mixture of
EMEM (302003, ATCC) and F12K medium (10025-CV, Thermo Fisher Scientific,
Waltham, MA) with 10% (vol/vol) fetal bovine serum (302020, ATCC) and 1% penicillin
and streptomycin. Six independent biological replicates were conducted for each cell line.
At 42 h post transfection, both plasmid DNA and RNA were extracted from the cells using
the miRNeasy mini kit (217004, Qiagen, Germantown, MD) per manufacturer’s instructions.
The cDNAs were synthesized from total RNA using QuantiTech Reverse Transcription kit
(205311, Qiagen) with primers complementary to a sequence in the reporter vector 3’ of the
inserted sequence. The target sequences from the cDNAs and also from the plasmid DNA
extracted from the same cells were amplified using two-step PCR with primers containing
sample barcodes to separately tag cDNA (representing expression from an allele) and input
DNA from each replicate, unique molecular indices (UMI), and partial Illumina sequencing
adapters (Illumina, San Diego, CA). The resulting PCR products of cDNAs and plasmid
DNAs from each cell type were pooled to minimize potential batch effects in library
preparation and sequencing. These PCR products were amplified using barcoded llumina
index adaptors and the two resulting libraries were pooled in equal molarity (again, to
minimize batch effects) and sequenced (75 base paired-ends) on the lllumina HiSeq 4000 1
lane each at 2 different times.

After sequencing, FASTQ files were demultiplexed based upon the barcodes (cell type,
replicate, DNA or cDNA) with “cutadapt” (Martin, 2011). Each sequencing read was
mapped to an oligonucleotide sequence using “bwa-mem” (Li, 2013) and the number of
unique molecular identifiers (UMI) for each sample was counted using “umi_tools” (Smith
etal., 2017). We only counted reads with exact matches (edit distance (NM tag) equal to 0)
to the oligo sequences of either reference or alternative alleles.

The basic idea of the analysis is to compare the relative counts (unique UMI) of the RNA
expressed from each allele of a given SNP to that of the input plasmid DNA of that SNP
extracted from the same pool of cells (to control for potential bias in the plasmid pool). A
generalized linear mixed effect model (GLMM) was used to model the sequencing reads
based on allele type (reference or alternative), DNA source (DNA or RNA), batch number,
and the interaction between allele type and cDNA or DNA. A random variable was used to
account for data derived from the same biological sample, and a negative binomial
distribution was applied. Thus, we modeled this as:

log(u) = fo + P1 X1 + P Xp + f12X1 X2+ fBXB+1Xg

where yis the expected number of sequencing reads, Xjis the allele type (reference or
alternative), Xois the DNA source (DNA or cDNA), Xz is the batch number (first or second
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sequencing), and X} is the sample replicate number. In this model, By, B1, B, and B, are the
coefficients of the fixed effects, Bgis the coefficient for the batch effect, and ris the
coefficient for the random effect. For each SNP, we estimate the value of the coefficients.

In this study, we are interested in By, the coefficient for the effect of the interaction between
allele type and DNA source that describes the SNP’s alternative allele effect. Rejecting the
null hypothesis (B2 = 0) suggests that the two alleles cause differences in RNA expression.
Positive values for By, indicate that the alternative allele increases the expression of the
3’UTR segment (i.e., the alternative allele is at higher frequency in RNA than in the DNA),
while negative values suggest the opposite. The false discovery rate (FDR) was calculated
according to Benjamini and Hochberg (Benjamini and Hochberg, 1995).

Annotation of the functional 3’'UTR SNPs

Results

For each SNP that showed differential expression, we examined the Genotype-Tissue
Expression (GTEX) database (version V8)(GTEX_Consortium, 2017) to determine whether
it is a reported expression quantitative trait locus (eQTL) of the gene it resided in, and
whether that gene is expressed in the brain. We annotated binding sites of RNA-binding
proteins (RBP) using the ENCODE RNA Binding Protein track (Baroni et al., 2008) of the
UCSC Genome Browser database (Haeussler et al., 2019). Using the Polymirts database
(Bhattacharya et al., 2014) we identified miRNAs whose binding, as calculated by
TargetScan (Agarwal et al., 2015), were predicted to be altered.

To understand one potential mechanism of action underlying loci associated with AD and
related phenotypes, we selected 296 SNPs that showed some evidence of association (p <
0.001) and were located in 3’"UTRs, and simultaneously tested whether they affected gene
expression using a high-throughput assay, PASSPORT-seq (Rao et al., 2019). Both alleles of
84% and 86% of the SNPs were detected in both DNA and RNA in every replicate in SH-
SY5Y and SK-N-BE(2) cells, respectively (Supplementary Table S3). We identified 60
SNPs (FDR < 0.05) that affected gene expression in the SH-SY5Y and 92 in SK-N-BE(2)
cells (Table 1) Among these, 30 SNPs altered the RNA levels relative to DNA levels in the
same direction in both cell lines (Figure 1A; Table 2); this degree of overlap is significant
(Fisher’s exact test, p= 4.91 x 1077). The alternative allele frequency of RNA vs DNA and
the read depth for four representative SNPs with significant differential expression in both
cell lines are shown in Figure 1B. Relaxing the FDR to < 0.2, there were 102 functional
SNPs in SH-SY5Y and 128 in SK-N-BE(2), among which 57 SNPs showed significant
differential expression in both cell lines, 51 in the same direction (Table 1; Table 2). Allele-
biased expression results can be visualized on an R-shiny-based interactive website (https://
yunlongliulab.shinyapps.io/coga_passport/).

There are many genes in which multiple SNPs in the 3’UTR affected expression. The very
long 3’ UTR of K/F6 (kinesin family member 6) contained 13 SNPs that were tested, and of
those, 7 showed significant allele-biased expression in both neuronal cell lines (FDR < 0.2),
of which 2 (rs56370893 and rs16891940, both associated with the flushing phenotype) were
significant at FDR < 0.05. GAS7 (growth arrest specific 7) had 4 significant SNPs; it is
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broadly expressed in brain, primarily in terminally differentiated cells, especially mature
cerebellar Purkinje neurons, and plays a role in neuronal development. NBN (nibrin; also
known as NBS1), with 2 significant SNPs, is involved in double-strand break repair.
PKD1L2 (polycystin 1 like 2) has 4 functional SNPs. S/RPA (signal regulatory protein
alpha; 2 SNPs) encodes a transmembrane glycoprotein that regulates receptor tyrosine
kinase signaling. S/RFA is expressed ubiquitously in brain at high levels, primarily in
neurons, macrophages and dendritic cells. ADDZ2 (adducin 2, expressed only in brain and
hematopoietic tissues) had 3 significant SNPs. CRKL (CRK like proto-oncogene, adaptor
protein) had 2 significant SNPs; it encodes a protein kinase that activates RAS and JUN
kinase signaling and is expressed ubiquitously in brain. Other SNPs that affected gene
expression were located in genes associated with neural phenotypes, including CADMZ,
FRMDA4A, and PLK2.

Among the SNPs that showed differential expression significant at FDR < 0.20, 89 are in
expression quantitative trait loci (eQTL) of their own genes and 116 were within the target
site for an RNA-binding protein (RBP) (Table 2). The most prominent RBPs were PABPC1
(Poly(A) Binding Protein Cytoplasmic 1), with sites that overlap 88 SNPs, ELAVL1 (ELAV
Like RNA Binding Protein 1) with sites that overlap 75 SNPs, SLBP (Stem-Loop Binding
Protein) with sites that overlap 28 SNPs, CELF1 (CUGBP Elav-Like Family Member 1)
with sites that overlap 20 SNPs, and IGF2BP1 (Insulin Like Growth Factor 2 MRNA
Binding Protein 1) with sites that overlap 11 SNPs. Most of the functional SNPs (128 of the
173) were within predicted binding sites of microRNAs (miRNASs) (Table 2). In most cases,
several miRNA were predicted to bind around the SNP; in total, 532 different miRNAs were
predicted to bind these sites.

Discussion

Variations in many genes contribute to the risk for complex, heterogeneous disorders such as
AD/AUD and traits related to them, and most have only a small effect (Edenberg and
Foroud, 2013) (Gelernter et al., 2014) (Walters et al., 2018). More than 90% of the variants
identified by GWAS lie in intergenic regions and do not affect the protein sequence
(Hindorff et al., 2009, Maurano et al., 2012). Thus, most presumably act by altering gene
expression. There are many variants within the linkage disequilibrium block that defines
each locus, and the variants associated with a trait might not themselves be the functional
variants. Therefore, to identify functional variants within the associated regions, highly
sensitive and reliable high-throughput assays are needed.

One potential mechanism by which variants could affect gene expression is by affecting
RNA stability. Here, we identified 296 SNPs that were weakly associated with alcohol
dependence and related traits (# values < 0.001) in the meta-analyses of African American
and European American samples in COGA (Lai et al., 2019a, Lai et al., 2019b, Wetherill et
al., 2019) and that reside in the 3’UTR of a gene. We tested these in a high-throughput,
parallel assay, PASSPORT-seq (Ipe et al., 2018, Rao et al., 2019). Most of the SNPs tested
(58%) affected gene expression (FDR < 0.20), and most of those lie within binding sites of
RNA binding proteins and microRNAs (67% and 74%, respectively; Table 2). Just over half
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lie in known eQTLs for the genes they reside within. The overlap between differential
expression and these known regulatory sites reinforces our findings.

Among the many genes in which multiple SNPs in the 3’'UTR affected expression, some
have relevant phenotypes. K/F6 (kinesin family member 6), expressed in several regions of
the brain, including amygdala, caudate, hippocampus and putamen, encodes a molecular
motor involved in intracellular transport. It plays a role in ciliogenesis in vertebrate
ependymal cell (specialized glial cells that forms the epithelial lining of the ventricular walls
of the brain and spinal canal), and a frameshift mutation in K/F6 was found in a child who
displayed neurodevelopmental defects and intellectual disability (Konjikusic et al., 2018). A
rare variant in K/F6was reported to play a role in some sudden unexpected deaths in people
with epilepsy (Ge et al., 2020). ADDZ2 (adducin 2) encodes a cytoskeleton associated protein
involved in synaptic plasticity; alcohol exposure at early neurulation alters the expression of
ADD?2 (Zhou et al., 2011). Polymorphisms in adducins affect cognitive functions in
individuals with schizophrenia (Bosia et al., 2016). NBN (nibrin) affects neuronal
proliferation and differentiation (Lee et al., 2007). Mutations in /BN cause Nijmegen
breakage syndrome, characterized by progressive microcephaly, growth retardation, and
predisposition to cancer (Varon et al., 1998). PKD1L 2 (polycystin 1 like 2) upregulation
leads to a complex neuromuscular disease in mice (Mackenzie et al., 2009); it forms part of
an ion channel in cilia of some cell types (DeCaen et al., 2013). Mutation of S/RPA (signal
regulatory protein alpha) protected mice from oxidative stress and brain ischemia (Wang et
al., 2012).

CADM? (cell adhesion molecule 2) encodes a synaptic cell adhesion molecule expressed at
very high levels in many brain regions. In a gene-based analysis, CADMZ2 was associated
with alcohol consumption in the UK Biobank, as are several SNPs in CADMZ2 (rs13078384,
rs1376935, rs67028245) (Clarke et al., 2017). CADMZis also associated with other
psychological diseases and traits, including sensation seeking, drug experimentation,
substance use involvement, and attention-deficit/hyperactivity disorder (Sanchez-Roige et
al., 2019) and lifetime cannabis use (Pasman et al., 2018, Stringer et al., 2016). FRMD4A
(FERM Domain Containing 4A), also expressed in multiple regions of the brain, is involved
in regulating epithelial cell polarity. Polymorphism in FRMD4A is associated with nicotine
dependence (Yoon et al., 2012) and as a risk locus for Alzheimer’s disease (Lambert et al.,
2013). PLKZ (polo like kinase 2) encodes a member of the polo family of serine/threonine
protein kinases and has a role in normal cell division. It is expressed in multiple regions of
the brain (GTEX). Two studies have reported that PL K2 expression is significantly
upregulated in human Alzheimer’s disease brain tissue (Mbefo et al., 2010, Lee et al., 2019).
Polymorphisms in PLKZ2 are associated with Alzheimer’s disease (Bufill et al., 2015), and it
has been suggested as an attractive novel target for Alzheimer’s disease drug therapy (Lee et
al., 2019, Lee et al., 2017).

While we identify functionally relevant SNPs that are associated with the risk of AD and
associated phenotypes, and demonstrate the utility of a parallel assay for functional SNPs,
our study has several limitations. One limitation is that the SNPs tested in this study were
not themselves genome-wide significant. Another is that we only screened the variants in
3’UTR,; obviously, variants in other regulatory regions likely play a role in influencing the
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risk for AD and related phenotypes, and similar types of assays could be developed for
those. Gene expression in any cell line depends both upon the unique genetics of that cell
line and the exact culture conditions, which affect the expression of #rans-acting factors.
Many of the SNPs showed effects in the same direction, which is not unexpected since both
cell lines are neuronal and presumably share many frans-acting factors. Those that differ in
direction (or function in one cell line or the other) are presumably affected by a difference
between the cell lines in the balance of frans-acting factors. Our use of 2 distinct cell lines
provides a broader perspective than would a single one. Finally, any /n vitro study, by
definition, does not reproduce the environment in an intact brain.

In summary, our high-throughput assay detected 122 SNPs that significantly affect gene
expression in either of two neuroblastoma cell lines (FDR < 0.05), 30 of which altered the
RNA levels in the same direction in both. Although many of the SNPs had the same
direction of effect in both cell types, some were cell-type specific, indicating that it is
important to examine the effects of SNPs in multiple cell lines. These functional SNPs could
contribute to the development of alcohol dependence and related phenotypes. Our study
demonstrates one way of moving from GWAS association into biological mechanism,
providing more insight into risk factors for AD/AUD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
PASSPORT-seq results in SH-SY5Y and SK-N-BE(2) cell lines. (A) Plot of the alternative

allele effect (derived from the mixed effects generalized linear model) of the SNPs in SH-
SY5Y [SH] and SK-N-BE(2) [SK] cell lines. SNPs with FDR < 0.05 in both cell lines are
denoted in red. (B) Alternative allele frequency and total read depth (sum of reference and
alternative alleles) for a few significant SNPs of interest. SH: SH-SY5Y; SK: SK-N-BE(2);
ALT: alternate; FDR: false discovery rate; alt freq: alternative allele frequency.
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Table 1.

Numbers of functional SNPs in SH-SY5Y and SK-N-BE(2) neuroblastoma cell lines (FDR < 0.05 or < 0.2)
identified by PASSPORT-Seq. SNP: single nucleotide polymorphism; FDR: false discovery rate.
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Cell type #SNPswith FDR < 0.05 | #SNPswith FDR <0.20
SH-SY5Y 60 102
SK-N-BE(2) 92 128
Either SH-SY5Y or SK-N-BE(2) 122 173
Both SH-SY5Y and SK-N-BE(2) 30 57
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