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Abstract

The US is experiencing the worst opioid overdose (OpOD) crisis in its history. We carried out a
genome-wide association study on OpOD severity among 3,477 opioid-exposed individuals, 1,019
of whom experienced opioid overdoses, including 2,032 European Americans (EAS) (653
overdose cases) and 1,445 African Americans (AAs) (366 overdose cases). Participants were
scored 1-4 based on their reported overdose status and the number of times that medical treatment
was required. Genome-wide association study (GWAS) of EAs and AAs separately resulted in two
genome-wide significant (GWS) signals in AAs but none in EAs. The first signal was represented
by three closely-mapped SNPs (rs115208233, rs116181528, and rs114077267) located near
MCOLNI (Mucolipin-1) and PNPLAG (Patatin like phospholipase domain containing 6), and the
other signal was represented by rs369098800 near DDX18, There were no additional GWS signals
in the trans-population meta-analysis, so that post-GWAS analysis focused on these loci. In
network analysis, MCOLNI was co-expressed with PNPLAG, but only MCOL NI-associated
genes were enriched in functional categories relevant to OpOD, including calcium and cation
channel activities; no enrichment was observed for PNPLAG-associated genes. Drug repositioning
analysis was carried out in the Connectivity Map (CMap) database for MCOLNI1 (PNPLAG6 was
not available in CMap) and showed that the opioid agonist drug-induced expression profile is
similar to that of MCOLN1 over-expression, and yielded the highest-ranked expression profile of
83 drug classes. Thus, MCOLNI may be a risk gene for OpOD but replication is needed. This
knowledge could be helpful in the identification of drug targets for preventing OpOD.
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INTRODUCTION

The United States is experiencing an opioid use and overdose crisis. In 2017, the death toll
from drug overdoses hit a record high with more than 72,000 deaths (Centers for Disease
Control and Prevention, 2018), and was driven by opioid overdose (OpOD) (Buchanich et
al., 2018; Jalal et al., 2018). Clinical symptoms of OpOD include stupor, miosis, and
respiratory depression (Boyer, 2012). The best clinical strategy to reverse OpOD requires
immediate administration of the opioid antagonist naloxone (Chou et al., 2017).

Genetic factors contribute to opioid dependence (OD) and opioid sensitivity. Several
genome-wide association studies (GWAS) have identified SNPs contributing to the risk of
OD, including rs60349741, rs62103177, rs12442183 and rs10799590 mapped to KCNCI,
KCNGZ2 (Gelernter et al., 2014), RGMA (Cheng et al., 2018) and CN/H3 (Nelson et al.,
2016), respectively. The first two of these risk genes were identified in African Americans
(AASs), while the latter two were found in European Americans (EAS). Additionally,
rs73568641, ~300kb upstream of OPRM1, was associated with therapeutic methadone and
morphine dosage in AAs (Smith et al., 2017).

While progress has been made in understanding the genetics of OD risk and opioid dosing,
there are no publications that address genetic factors predisposing to OpOD using a genome-
wide approach. The diagnosis of a substance use disorder in the previous six months was
reported to be the strongest risk factor for OpOD (Webster, 2017), but additional risk factors
include the presence of other psychiatric disorders, impaired liver function, impaired
vascular and pulmonary function, and a high daily opioid dosage (Nadpara et al., 2018;
Zedler et al., 2015). Many of these risk factors are themselves genetically influenced.
Variation in opioid metabolism, also genetically influenced, accounts for differential
sensitivity to OpOD (Kharasch et al., 2015; White and Irvine, 1999). Thus, knowledge of the
specific genetic risk factors for OpOD may guide the clinical care of patients receiving
opioids therapeutically and those using the drugs illegally.

We conducted a GWAS of OpOD severity among subjects from the Yale-Penn study of the
genetics of substance dependence, in a sample of 5,540 EAs and 3,675 AAs. Of these 9,215
subjects, we analyzed data from 3,477 subjects who were exposed to opioids (used at least
once) and responded to questions regarding their overdose histories, resulting in an analysis
sample of 2,032 EAs (653 overdose cases) and 1,445 AAs (366 overdose cases).

METHODS AND MATERIALS
Study Participants and the OpOD Trait

We collected samples of EA and AA subjects for genetic studies of substance dependence at
five eastern US sites to participate in studies of the genetics of drug (opioid or cocaine) or
alcohol dependence (Gelernter et al., 2014). Each participant was carefully phenotyped
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using the Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA)
(Gelernter et al., 2014; Pierucci-Lagha et al., 2007). Subjects comprised two cohorts: Yale-
Penn 1 (n=5,540) and Yale-Penn 2 (n=3,675). Each cohort includes some related subjects
and they were assessed identically for phenotype but differ by the genotyping array
employed. Written informed consent that was approved by the institutional review board at
each site was obtained from each participant, and certificates of confidentiality were
obtained from the National Institute on Drug Abuse and the National Institute on Alcohol
Abuse and Alcoholism.

The OpOD trait was defined for subjects who were exposed to opioids at least once in their
lives (n=4,989) and provided information on their OpOD experience (n=3,477); subjects
with missing answers for OpOD were excluded from the analysis. The definition of opioid-
exposed status was based on the following question in the G1 section of the SSADDA:
“Have you ever used any of the following opiate drugs.: Heroin, Morphine, Methadone,
Fentanyl or P-dope, Codeine, Percodan, Darvon, Dilaudia, Demerol, Percocet, Opium, and
Other Opiate?”. All subjects — opioid dependent, exposed, etc. — were ascertained with
questions in the G1 section of the full SSADDA interview, in which information regarding
illegal and prescription opioid abuse was collected. Severity of OpOD was scored on a 4-
point scale as follows: Z: used opioids but no overdose history; 2 had a history of overdose
but no consequent medical treatment; 3: overdosed and received medical treatment <3 times;
4. overdosed and received medical treatment =3 times. A total of 1,019 participants (653
EAs, 366 AAs) had an OpOD severity score =2, meaning that they all endorsed a history of
overdose history (Table 1). Thus, the average overdose rate in opioid-exposed subjects was
29.3% (25.3% and 32.1% in AAs and EAs, respectively).

Genome-wide Association Study (GWAS) Analyses

Yale-Penn 1 samples were genotyped on the Illumina (San Diego, CA, USA) HumanOmnil-
Quad v1.0 microarray (total SNPs = 1,140,419) and Yale-Penn 2 samples were genotyped on
the Illumina HumanCore Exome array (total SNPs = 550,601). We used PLINK1.9 (Chang
et al., 2015) for quality control (QC) in each cohort, applying the following criteria: (1)
individual genotype missing rate <2%, (2) SNP genotype missing rate <2%, (3) Hardy-
Weinberg P>1x1075, and (4) minor allele frequency (MAF) >3%. Samples from Yale-Penn
1 and 2 that passed the initial QC were subjected to ancestry analysis by comparison with
the 1000 Genomes Project phase 1 reference panel (1000 Genomes Project Consortium et
al., 2010). Principal component analysis was performed with Eigensoft (Price et al., 2006)
and the resulting first 10 principal components (PCs) served to differentiate AAs and EAs
(Sherva et al., 2016). Subsequently, AAs and EAs from each Yale-Penn cohort were
subjected to SNP imputation by using Minimac3 implemented in the Michigan Imputation
Server (Das et al, 2016) with the 1000 Genomes Project phase 3 reference panel. Dosage
data were transformed into best-guess genotypes using PLINKZ1.9, retaining high-quality
data by filtering imputed data with genotype imputation probability (GP) = 0.8, individual
genotyping missing rate <5%, SNP MAF >3%, SNP missing call rate <5%, and Hardy-
Weinberg P>1x1076,
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We conducted GWAS on the severity score of the OpOD trait in AAs and EAs separately,
with adjustment for the relatedness among participants and included age, sex, and the first
10 PCs (to account for population structure using Genome-wide Efficient Mixed Model
Association (GEMMA) software (Zhou and Stephens, 2012)) as covariates. Our initial data
QC included a procedure to address population stratification, as for our previous studies
(Sherva et al., 2016; Zhou et al., 2017). GEMMA can also account for relatedness among
samples and can control for population stratification and other confounding factors (Kang et
al., 2010; Zhou and Stephens, 2012). We chose a univariate linear mixed model to associate
genotype with overdose severity score, the rationale for which is that the overdose severity
score represents the continuous nature of opioid overdose severity. Subsequent meta-analysis
was carried out using the inverse variance method in PLINK 1.9. The number of SNPs by
cohort that passed the QC and were included in the analyses were 10,295,719 in Yale-Penn 1
AA (n=1,020), 6,981,522 in Yale-Penn 1 EA (n=1,181), 7,501,713 in Yale-Penn 2 AA
(n=425), and 7,501,713 in Yale-Penn 2 EA (n=851). The significance threshold for GWAS
analyses was set at P<5x1078,

Post-GWAS Prioritization of Possible OpOD Risk Genes with Network Analysis and Drug
Repositioning Analysis

Variants close to MCOLNI1 and PNPLAG were genome-wide significant (GWS) in AAs; see
below for detailed GWAS results. The three GWS SNPs map closely within a region [-1kb,
5kb] relative to the transcription start site (TSS) of MCOLNI. They are also ~10 kb distant
from the TSS of PNPLAG. To evaluate whether MCOLNI or PNPLAG was more likely to be
the risk gene for OpOD (beyond that of the somewhat greater proximity of MCOL NI to the
GWS markers), we conducted network analysis by querying MCOLNI and PNPLA6
individually and jointly with GeneMANIA (Franz et al., 2018), which provides functional
association data taking account of similarities in protein and genetic interactions, pathways,
co-expression, co-localization, and protein domains.

Drug repositioning analysis was then carried out for MCOLNI with the Connectivity Map
(CMap) Database (Subramanian et al., 2017); data for PNPLAG were not available in CMap.
CMap contains >1 million transcriptional profiles derived from perturbations of multiple
cancer- related cell lines that arise from a genetic mutation affecting protein function,
genetic perturbation (knockdown or overexpression of a gene), or treatment with a small
molecule or a drug. CMap used 8 human cancer-related cell lines: A375 (malignant
melanoma), A549 (non-small cell lung carcinoma), HCC515 (non-small cell lung
adenocarcinoma), HEPG2 (hepatocellular carcinoma), HT29 (colorectal adenocarcinoma),
MCF7 (breast adenocarcinoma), PC3 (prostate adenocarcinoma), and VCAP (metastatic
prostate cancer), as well as HALE (kidney epithelial immortalized non-cancer cell line).
Transcriptional profiles with high similarity between two proteins operating in the same
pathway, between a drug and its protein target, or between two drugs of similar function but
with structural dissimilarity, have the potential to reveal useful and previously unrecognized
connections. CMap has provided expression similarity scores for a specific expression
profile (here, we use the MCOL N1 overexpression-induced expression profile) with other
drug-induced transcriptional profiles, including consensus transcriptional signatures of 83
drug classes, i.e., transcriptional profiles induced by 2,837 drugs grouped into 83 drug
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classes. Expression similarity is evaluated by means of scores that vary from —100 to 100,
with =100 the most extreme opposite expression profile and 100 the most extreme similar
expression profile. To accomplish this, we downloaded expression similarity scores for
MCOLNI1 by selecting the option “‘See all connections’ after querying ‘ MCOLNZI’ directly
in the CMap cloud server (https://clue.io/command?g=/conn). CMap includes 32 drugs that
target mu-, delta-, and kappa-opioid receptors. Only one opioid drug class comprising three
opioid receptor agonists is included in the summary statistics of 83 drug classes provided by
CMap for MCOLNI (described below, “Results™). Accordingly, we also downloaded the
individual expression similarity scores for all 2,837 drugs to MCOL N1 over-expression, and
then evaluated expression similarity scores between MCOLNI and 29 other opioid-related
drugs that were not included in the 83 drug classes. Other drugs with transcriptional
signatures opposite that of MCOLNI over-expression (negative similarity scores to
MCOLNI) were also identified.

For the two Yale-Penn cohorts, we analyzed EAs and AAs separately, then meta-analyzed
the two cohorts by population (Yale-Penn 1 and 2 EAs, and Yale-Penn 1 and 2 AASs). Then,
a trans-ancestry meta-analysis was performed that included all of the EA and AA samples.
We identified two GWS signals in AAs, which mapped to the genes MCOLNI (also close to
PNPLAG) and DDX18 (Figure 1-2 and Figure S1-S2). There were no GWS signals
identified in EAs. In the meta-analysis of all subjects, only the signal that mapped to
MCOLNLI, close to PNPLAG on chromosome 19, represented by three SNPs (rs115208233,
rs116181528, and rs114077267), were GWS (Figure 1). The other SNP that was GWS in
AAs, rs369098800, which is ~470 kb from DDX18, was only nominally significant in the
trans-ancestral meta-analysis (Figures 1 and S1). We found no evidence of inflation (A~1.0,
Figure 1) both in the meta-analyses of AAs and EAs separately and together.

Of the three AA-specific GWS SNPs, the first two are located in different intronic regions of
MCOLNI and the last resides in the MCOLNI promoter region (477bp upstream of the
MCOLNI; Figure 2 and 3). The top SNP, rs115208233, is in high linkage disequilibrium
(LD) with the promoter SNP rs114077267 and in moderate LD with rs116181528
(rs115208233:rs114077267 R?=0.9; rs115208233:rs116181528 R?=0.74;
rs116181528:rs114077267 R2=0.67), which are polymorphic only in AAs, with the minor G
allele postively associated with the OpOD severity score (see Figure S3). The MAFs for
these SNPs range from 0.04 to 0.06 (Table 2) in that population. The association signals
were nominally significant in both Yale-Penn 1 and Yale-Penn 2 AA samples separately (all
Pvalues <5.0x1074, Table 2). The minor alleles are all associated with higher overdose
severity scores in AASs.

There were no GWS SNPs in both populations, though one SNP, rs4146322, located in the
intronic region of C40rf22, showed suggestive evidence of association with OpOD severity
in the meta-analysis of AAs and EAs (Figure S2). According to the brain expression
quantitative trait locus (eQTL) database of European samples, BRAINEAC (Ramasamy et
al., 2014), rs4146322 is an eQTL for both C40rf22 (P=7.1x1073) and ANTXR2
(P=8.9x1073) in the putamen and frontal cortex, respectively. In another eQTL database,
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GTEX (GTEx-Consortium, 2015), rs4146322 is an eQTL for C40rf22in testis
(P=7.0x10711). Another SNP, rs369098800, (which maps near DDX18), was GWS in AAs
but only nominally significant in the trans-ancestry GWAS of EAs+AAs, but it is not
available in BRAINEAC or GTEXx databases.

SNP rs73568641, ~300kb upstream of OPRM1, associated with therapeutic opioid dose in
AAs (Smith et al., 2017), was not significant in the OpOD analysis in the AA part of the
sample (P=0.54). Two other SNPs associated with opioid dependence in AAs (Gelernter et
al., 2014), rs62103177 (mapped to KCNG2) and rs60349741 (mapped to KCNC1I), were
also not significantly associated with OpOD (P = 0.80 and 0.28, respectively). Similarly,
rs12442183 close to RGMA and associated with OD in EAs (Cheng et al., 2018), was not
associated with OpOD in EAs (P=0.56).

Based on functional prediction from Haploreg4 (Ward and Kellis, 2016) and as described
above, the three OpOD GWS SNPs reside in the predicted enhancer regions, and
rs114077267 is also in the promoter region of MCOLNI. Also, according to annotation data
from Haploreg4 (Ward and Kellis, 2016), this promoter region is active in 23 tissues,
including brain, blood, muscle, and heart. The risk allele, rs114077267*T, is predicted to
generate motifs with high binding affinity for the transcription factors GFI1 (transcription
repressor), GATA (transcription activator), and HOXA7 (transcription repressor). Also, as
noted above, these three GWS SNPs are about 10 kb from another gene, PNPLAG. Per the
UCSC Genome Browser (Kent et al., 2002), the 3 region of MCOLN1 is only 144 bp
upstream of the TSS of PNPLAG (Figure 3), suggesting that common genetic elements could
regulate the expression of both loci.

The potential involvement of MCOLNI, PNPLAG, or both of these loci in OpOD was
evaluated further by performing network analysis for biologically relevant genes by querying
MCOLNI and PNPLAG jointly (Figure 4a) or separately (Figure 4b and 4c) in the
GeneMANIA database (Franz et al., 2018). This showed that the expression of MCOLN1 is
correlated with that of PNPLAG. Further network analysis with GeneMANIA revealed that
MCOLNL, the protein encoded by MCOLN1, displays protein-protein interaction with
MCOLNS3 (encoded by MCOLNS, a paralog of MCOLNI) and SLC35EL1 (a putative
transporter). PNPLAG, the protein product of PNPLA6, demonstrates a very different
protein-protein interaction pattern from that of MCOLN1 (Figures 4a—4c); proteins that
interact with PNPLAG6 do not have strong associations with MCOLNL. In addition, in
functional enrichment analysis, most genes associated with MCOLNL1 in network analysis
have similar protein domains and are involved in calcium and other metal ion and cation
channel activities (Figure 4d). In contrast, no functional categories were enriched for
PNPLA6-associated genes.

The possible involvement of MCOLN1 in OpOD was further evaluated by performing a
drug repositioning analysis with CMap (see Methods). The consensus expression profile of
the drug class “opioid receptor agonists” provided the transcriptional signature most similar
to that of an MCOL NI over-expression profile (Figure 5a, expression similarity score= 99).
The opioid receptor agonist class is comprised of FIT (fentanyl isothiocyanate, an
irreversible opioid receptor agonist targeting the delta opioid receptor), loperamide (a
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peripheral opioid receptor agonist affecting multiple intestinal opioid receptors), and
ICI-199441 (a kappa opioid receptor agonist), and their expression similarity scores relative
to MCOLN1 over-expression are 99, 95 and 88, respectively (Figure 5b). Other than these
three opioidergic drugs allocated to drug classes in CMap, only 3 of the 32 opioidergic drugs
included are allocated to a group. The other four top drug classes ranked by their expression
similarity scores (>96) to an MCOLNI over-expression induced profile include tricyclic
antidepressants, serotonin receptor antagonists, dopamine receptor antagonists, and calcium
receptor inhibitors. In addition, as the opioid receptor antagonist naloxone can reverse
OpOD, we specifically evaluated a possible relationship between MCOLNI over-expression
and the naloxone-stimulated transcriptome signature, including a set of overexpressed and
downregulated genes. Transcriptional profiles with high similarity between what is observed
in the case of MCOL NI over-expression and what is observed with opioidergic drugs might
represent useful and previously unrecognized connections; the MCOLN induced
expression profile yielded an expression similarity score of 87 to that of naloxone, and
naloxone was ranked sixth among 32 opioid drugs based on their similarity to transcriptional
signatures of MCOL N1 over-expression. Overall, the average similarity score to that of
MCOLNI over-expression for all 32 available opioid drugs was 62+27. Other opioid drugs
that target mu-, kappa-, and delta-opioid receptors also demonstrated high similarity for
perturbated transcriptional signatures with that of MCOLNI over-expression (all expression
similarity scores >90), including the three opioid receptor agonists, and naltrindole and
naltriben, which are opioid receptor antagonists. That is, a total of 5 opioid-related drugs
shared similarities in the drug-induced expression pattern to MCOL N1, each scoring =90.
Furthermore, we identified BRD-A80383043, a glutamate receptor agonist, as the only drug
that can induce a transcriptional profile opposite that of an MCOL N1 over-expression
stimulated profile (expression similarity score = -94).

DISCUSSION

We conducted a GWAS for OpOD among AAs and EAs, and found a GWS signal specific to
AAs, which spans a total of only 7,231 basepairs, mapped to MCOLNI and ~10 kb from
PNPLAG (Figure 3). Among the three GWS SNPs, rs114077267 is potentially functional,
residing in the promoter region of MCOLN, suggesting that MCOLNI is a more likely risk
gene for OpOD than PNPLAG. This conclusion is further supported by a network analysis
and a drug repositioning analysis, in which (1) genes correlated with MCOLN1 but not
PNPLAG6 were enriched in OpOD-related functional categories, including regulation by Ca+
+, and (2) transcriptional signatures induced by opioid receptor agonists were very similar to
the MCOL N1 over-expression stimulated profile. Since the pattern of MCOLN1
overexpression is similar to that of opioid drug induced expression, we infer that they have
related biology.

The association of MCOLNI with OpOD could be related to its connection to opioid
receptor signaling. Previous research showed that MCOLN1 (Mucolipin-1) is a receptor
protein with potential cationic channel activities (Bassi et al., 2000; Montell, 2001). Loss-of-
function mutations in MCOL N1 cause mucolipidosis type 1V, a severe lysosomal storage
disorder (Bassi et al., 2000). MCOLNZ1 has also been reported to be an endolysosomal iron
release channel (Dong et al., 2008), and knockdown of MCOLNI in human retinal
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pigmented epithelial 1 cells promotes the production of reactive oxygen species by Fe2*
trapped in lysosomes (Coblentz et al., 2014). In our study, network analysis demonstrated
that MCOL NI-associated genes were enriched in cation and metal ion channel activities
(Figure 4d). Furthermore, in a drug repositioning analysis, the MCOLN1 overexpression-
induced transcription signature was highly similar to that of three opioid receptor agonists’
induced transcriptional profiles (Figure 5). These three opioid receptor agonists — the only
ones included in the defined CMap drug classes — are FIT (fentanyl isothiocyanate,
irreversible delta opioid receptor agonist), loperamide (peripheral opioid receptor agonist),
and ICI-199441 (kappa opioid receptor agonist). We also found that three other opioid
receptor antagonists not included in CMap classes — naloxone, naltrindole, and naltriben —
induced transcriptional profiles similar to an MCOLNI over-expression induced
transcriptional signature, which suggests that both opioid receptor antagonists and agonists
are functionally related to MCOLNI. Further, a glutamate receptor agonist, BRD-
A80383043, displayed a transcriptional signature opposite to that of the MCOLNI over-
expression induced profile. Glutamate is the major excitatory neurotransmitter in the brain
and plays an integral role in opioid addiction (Peters and De Vries, 2012) and OpOD (White
and Irvine, 1999). As previously shown, the glutamate receptor antagonists JNJ16259685
and LY 341495 increase the antinociceptive efficacy of opioids (Fischer et al., 2008). We
suspect that MCOL NI overexpression may be associated with OpOD severity, the
underlying mechanism being, potentially, its ability to enhance the antinociceptive efficacy
of opioids. This is supported by drug repositioning analyses that revealed similarities
between the drug-induced expression pattern of 5 opioid-related drugs and MCOLN1
overexpression, while a glutamate receptor agonist drug demonstrated an expression profile
opposite to MCOL N1 overexpression.

Additionally, in considering the context of our OpOD findings, we looked up in the OpOD
GWAS data SNPs that were previously associated with opioid dosing in AAs (Smith et al.,
2017) and with opioid dependence in AAs (Gelernter et al., 2014) and EAs (Cheng et al.,
2018), and did not find even nominal association in either case. The OpOD trait is different
biologically from both opioid dosing and opioid dependence per se; these are not “failures to
replicate.”

Our finding requires independent validation. Because one of our top SNPs, rs114077267,
from the AA OpOD GWAS, maps to the promoter region of MCOLNI and is AA specific,
we checked the extent of promoter SNPs (MAF>=0.03) at MCOLNI and compared their
allele frequencies among different populations, including African (AFR), Admixed
American (AMR), Asian (ASN) and European (EUR) populations (Figure S4). Compared to
the other three populations, the AFR population has more SNPs (MAF>0.03) in the
promoter region of MCOLNI and, thus there is a greater potential to detect true
associations. Among EUR and ASN, there are few SNPs in the MCOLNI promoter. Thus,
another AA population would be required for replication, although it may be possible to
identify consistent evidence (with other SNPs mapped to the same region) in other
populations.

Our study has potential limitations. MCOL N1 may be associated with quantity or frequency
of exposure to opioids. However, we do not have accurate measures of quantity and
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frequency of opioid exposure, so we cannot test this directly. Potential polygenic risk score
(PRS) analyses between OpOD and other independent psychiatric and SUD traits should be
carried out in the future to identify pleiotropy, but at this point our sample is not adequately
powered for this step. This is a critical problem for the research field: namely, that
recruitment of more subjects to increase power is absolutely essential.

Our OpOD GWAS provides statistically significant support for MCOLNI as a risk gene for
OpOD, with the hypothesis that MCOL N1 is the effect locus supported by both network
analysis and drug repositioning analysis. An MCOLNI overexpression-induced profile was
highly similar to opioid receptor agonist-induced expression profiles. The apparent
involvement of MCOLN1 in the activity of the opioidergic system warrants evaluation in
cellular and animal models. In conclusion, our GWAS supports MCOLN1 as a risk gene for
OpOD. Considering all of the data, the effect of MCOL N1 over-expression on the opioid
receptor system could be a mechanism for its association with OpOD. In any case, the
findings suggest a novel biology underlying OpOD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Genome-wide association studies of opioid-overdose severity among four cohorts, including

Yale-Pennl and Yale-Penn2, each of which included both African Americans (AAs) and
European Americans (EAS). The three panels display the Manhattan plots (left) and qq plots
(right) for the meta-analysis of both population groups, and the AA and EA cohorts
separately. Four SNPs reached genome-wide significance; three SNPs (rs115208233,
rs116181528 and rs114077267) on chromosome 19 are specific to the AA population and
map to MCOLNI, close to PNPLAG. Another SNP (rs369098800) is on chromosome 2,
~471kb away from DDX18. On chromosome 4, a suggestive significant association peak
close to gene C4orf22was seen in the meta-analysis of EA and AA.
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100
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Regional Manhattan plots displaying one independent signal associated with opioid
overdose (OpOD) severity on the locus MCOLNI. Three panels illustrate the association
signals that emerged from the meta-analysis of all European Americans (EAs) and African
Americans (AAs) and in the meta-analysis of EAs and AAs separately. Three genome-wide
significant SNPs specific to the AA population map to MCOLNI: rs115208233,
rs116181528 and rs114077267. Among these, rs115208233 is the lead SNP and
rs114077267 is in the promoter region of MCOLN1. Two other AA-specific SNPs,
rs116362433 (an intronic SNP of MCOLNI) and rs115515588 (a promoter SNP of
PNPLAG), were nominally associated with OpOD severity (all Pvalues ~5x1076). One SNP,
rs2081195, located in the intronic region of PNPLAG, was nominally significantly
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associated with OpOD severity in EAs (P=1.4x1074). Note: the SNPs are colored to reflect
the linkage disequilibrium (R2) with the lead SNP (rs115208233 for EAs and EAs+AAs;
rs2081195 for EASs) based on the African (for AAs and EAs+AAS) or European (for EAS)
population data from the 1000 Genomes Project. The light blue line and right Y-axis indicate
the observed recombination rate estimated from HapMap samples. Only association signals
existing in =2 cohorts are plotted.
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Figure 3.
Genomic and functional annotation for rs114077267, rs115208233, and rs116181528. The

upper panel denotes the chromosomal region of the three genome-wide significant (GWS)
SNPs. In addition, three regulatory features, including H3K27Ac marks, DNase clusters, and
transcription factor ChlP-seq binding sites, are seen in the region. A subset of the region
covered by the red dashed line is magnified in the lower panel, with the GWS SNPs in bold.
The signals for the H3K27Ac mark, DNAse | hypersensitivity cluster, and transcriptional
factor binding site are annotated according to experimental data from the ENCODE
Consortium (Encode_Project_Consortium, 2012). The height and color in the H3K27Ac
marks represent signal intensity and data source from different cell lines. The gray box
indicates the extent of the hypersensitive region or cluster of transcriptional factor
occupancy. The shade is proportional to the maximum signal strength observed in any cell
line. The green line indicates the highest scoring site of an identified canonical motif for the
corresponding factor.
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Figure 4.

Network analysis prioritizes MCOLNI but not PNPLAG as a potential opioid overdose risk
gene. GeneMANIA was applied to obtain biologically related genes that are associated with
MCOLNI and PNPLAG6 when queried jointly (a) or individually (b and c), the enriched
functional categories of which were also illustrated (d). The above networks display
different types of association between MCOLNI or PNPLAG and their biologically related
genes, in which the color and size of each line linking two genes indicates the type and
strength of the association. These associations comprise protein and genetic interactions,
pathways, co-expression, co-localization, and protein domain similarity. The enrichment P
values (-log10(FDR)) provided by GeneMANIA are demonstrated for different functional
categories. Most enriched functional categories are observed among MCOLNI-associated
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genes, and no functional categories are enriched in PNPLAG-associated genes. (FDR: false
discovery rate)
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Figureb.

Drug repositioning analysis supports the involvement of MCOLNI in the opioid receptor
system. (a) Among 83 drug classes, opioid receptor agonist-induced expression profiles
display the highest expression similarity score with the MCOL N1 over-expression induced
profile in CMap. Expression similarity scores are generated by comparing the MCOLN1
over-expression induced expression profile to the signatures of 83 classes of drug-induced
transcription. (b) Single drugs from these top 5 drug classes (highlighted in part a) with

expression similarity score >=80 are shown.
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Table 1.

Sample counts and characteristics for the severity of the opioid overdose trait.

Page 19

African American

European American

Opioid
O(‘:’gd‘i’r?ge N | Men [ yPivP2 n | Men | YyPvP2 | Total
YPLN | YP2N Age Male(®%) | YPLN | YP2N Age Male (%) N
1 741 | 338 |[1070| 419 0.71 777 | e02 | 1379 | 362 0.67 2458
2 116 35 | 151 | 461 0.83 125 75 | 200 | 371 0.69 351
3 97 29 | 126 | 437 0.93 101 | 114 | 305 | 372 0.68 431
4 66 23 89 452 0.83 88 60 | 148 | 372 0.72 237
Overdose | 279 87 | 366 45 0.86 404 | 249 | 653 [ 372 0.69 1019
Subtotal 1020 | 425 | 1445 [ 427 0.74 1181 | 851 | 2032 [ 365 0.68 3477

Note: YP1 and YP2 represent the cohorts, Yale-Penn 1 and Yale-Penn 2, respectively. Mean age was calculated for the combined sample of the
Yale-Penn 1 and Yale-Penn 2 cohorts.
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Table 2.

Characteristics of the three genome-wide significant SNPs located on MCOLN1.

Chr | Position SNP Al | A2 | MAF Beta SE p-value Cohort

0.055 | 3.41E-01 | 8.88E-02 | 1.16E-04 YP1 AA

19 7587017 | rs114077267 | T C | 0.041 | 6.85E-01 | 1.51E-01 | 5.09E-06 YP2 AA
4.30E-01 1.97E-08 | Meta AA YP1+YP2

0.053 | 3.61E-01 | 8.98E-02 | 5.62E-05 YP1AA

19 7589061 | rs115208233 G C 0.039 | 7.67E-01 | 1.55E-01 | 6.84E-07 YP2 AA
4.63E-01 2.51E-09 | Meta AA YP1+YP2

0.061 | 3.23E-01 | 8.40E-02 | 1.17E-04 YP1 AA

19 7594247 | rs116181528 | A C | 0.048 | 7.01E-01 | 1.43E-01 | 8.89E-07 YP2 AA
4.20E-01 6.85E-09 | Meta AA YP1+YP2

Page 20

Note: AA, African American. Chr, chromosome. SE, standard error. YP1 and YP2 represent the cohorts Yale-Penn 1 and Yale-Penn 2, respectively.
Allelel is the minor allele.
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