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Abstract

Background—Opioid dependence (OD) is at epidemic levels in the United States. Genetic 

studies can provide insight into its biology.

Methods—We completed an OD genome-wide association study (GWAS) in 3058 opioid-

exposed European-Americans, 1290 of whom met criteria for a DSM-IV diagnosis of OD. 

Analysis used DSM-IV criterion count.

Results—By meta-analysis of four cohorts, Yale-Penn 1 (n=1388), Yale-Penn 2 (n=996), Yale-

Penn 3 (n=98) and SAGE (n=576), we identified a variant on chromosome 15, rs12442183, near 

RGMA (repulsive guidance molecule A (RGMa)), associated with OD (P=1.3×10-8). The 

association was also genome-wide significant (GWS) in Yale-Penn 1 taken individually, and 

nominally significant in two of the other three samples. The finding was further supported in a 

meta-analysis of all available opioid-exposed African-Americans (n=2014, 1106 meeting DSM-IV 

OD criteria; P=3.0×10-3) from three cohorts; there was nominal significance in two of these 

samples. Thus, of the seven subsamples examined in two populations, one was GWS and four of 

six were nominally significant. RGMa is a CNS axon guidance protein. Risk allele rs12442183*T 
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was correlated with higher expression of a specific RGMA transcript variant in frontal cortex 

(P=2×10-3). After chronic morphine injection, the homologous mouse gene (Rgma) was 

upregulated in C57BL/6J striatum. Co-expression analysis of 1301 brain samples revealed that 

RGMA mRNA expression was associated with that of four genes implicated in other psychiatric 

disorders, including GRIN1.

Conclusion—This is the first study to demonstrate an association of RGMA with OD. It 

provides a new lead into our understanding of OD pathophysiology.
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Introduction

Opioid dependence (OD) is a major cause of medical, legal, and social problems, resulting 

in increased mortality and decreased productivity. It is presently at epidemic levels in the 

United States. OD is a genetically complex disorder that is influenced by complex 

environmental factors (1), such as drug availability, making it difficult to identify genetic 

factors that underlie the disorder. Genome-wide association study (GWAS) is an unbiased 

way to search for novel genetic factors contributing to OD. We completed the first GWAS of 

OD (with DSM-IV criterion count as the phenotype definition, using all available subjects) 

and found two genome-wide significant single nucleotide polymorphisms (SNPs) in 

African-Americans (AAs) (2). These two SNPs map to KCNC1 (potassium voltage-gated 

channel subfamily C member 1) and KCNG2 (potassium voltage-gated channel modifier 

subfamily G member 2), respectively, which are involved in potassium signaling pathways. 

Pathway-based GWAS analysis also demonstrated an enrichment of genes involved in 

calcium signaling and long-term potentiation (2). There have been fewer findings in 

European-Americans (EAs), where the only GWAS to date to identify variants associated to 

OD in EAs showed an association with CNIH3 (3). Additionally, we used GWAS to identify 

a variant close to the OPRM1 locus that affected opioid dose requirements in AAs (4). These 

studies demonstrated that the use of an ordinal trait can provide more statistical power than a 

categorical diagnosis, as it can take account of affection severity.

In the present study, we used an ordinal trait analysis that was limited to OD-exposed 

individuals in our GWAS. We identified a variant of RGMA, which encodes the RGM 

domain family member A (RGMa, which was associated with OD in EAs at a genome-wide 

significant (GWS) level. The opioid-exposed EA subjects we studied previously (2) are 

included in the present study, augmented by additional subjects recruited more recently and 

we used a new analytic strategy that included only OD-exposed subjects. The finding was 

then replicated in both EAs and AAs.
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Materials and Methods

Subjects, Genotyping and Imputation

Subjects in our three cohorts, Yale-Penn 1-3, were recruited from five eastern US sites to 

participate in studies of the genetics of drug (opioid or cocaine) or alcohol dependence (see 

Supplementary Table 1 for the specific relationship between the samples used in the present 

study and our previous study (2)). These samples contain unrelated individuals and a small 

proportion of small nuclear families (SNFs) originally collected for linkage studies. All 

participants provided written informed consent as approved by the institutional review board 

at each site. Certificates of confidentiality were issued by the National Institute on Drug 

Abuse and the National Institute on Alcohol Abuse and Alcoholism.

Subjects are designated as Yale-Penn 1, 2, and 3 by the recruitment epoch and microarray 

platform used for genotyping. Samples for Yale-Penn 1 (n=5540) were genotyped on the 

Illumina (San Diego, CA, USA) HumanOmni1-Quad v1.0 microarray at the Center for 

Inherited Disease Research and the Yale Center for Genome Analysis. A total of ∼1M SNPs 

were targeted by microarray in Yale-Penn 1. Samples for Yale-Penn 2 (n=3675) were 

genotyped with the Illumina HumanCore Exome array, which includes a total of ∼0.5M 

SNPs, including exomic SNPs and tagging SNPs. Genotyping in Yale-Penn 3 (n=592) was 

performed with the Illumina Multi-Ethnic Genotyping Array, an array targeting ∼1.7M 

genome-wide markers and optimized for GWAS in populations of diverse ancestries. Yale-

Penn 2 and Yale-Penn 3 genotyping data were obtained at the Gelernter Lab at Yale. Quality 

control (QC) for microarrays in each cohort were carried out using PLINK1.9 (5) based on 

the following criteria: (1) an individual genotype missing rate <2%, (2) a SNP genotype 

missing rate <2%, (3) a Hardy-Weinberg P>1×10-6, and (4) a minor allele frequency (MAF) 

>1%. After QC, there were ∼0.70M, ∼0.27M, and ∼1.1M SNPs remaining in Yale-Penn 1-3 

respectively, which were subjected to imputation and downstream analysis.

GWAS genotypes from all subjects taken separately in each sample group of Yale-Penn 1-3 

were compared with the 1000 Genomes Project phase 1 reference panel (6). Eigensoft (7) 

was used for principal components analysis. The first 10 PC scores served to differentiate 

European-Americans (EAs) and African-Americans (AAs) through K-means clustering (8). 

Here, we present GWAS data only for EAs (our previous study presented numerous positive 

GWAS results in AAs). For each Yale-Penn cohort, genotypes from EAs and AAs were 

imputed together with Minimac3 implemented in Michigan Imputation Server (https://

imputationserver.sph.umich.edu/index.html) with genotyped SNPs and the 1000 Genomes 

reference phase 3 release that contains haplotypes on 2504 samples (n = 5008 haplotypes for 

a total of ∼81.2M polymorphic markers). The imputation data for Yale-Penn 1-3 were 

generated in dosage format separately. Under imputation R2>0.3, there was an average of 

∼47.1M variants included in dosage data from Yale-Penn 1-3. The dosage genotypes for 

each cohort were transformed into hard call genotypes with PLINK1.9 (5). Using hard-call 

genotypes to analyze imputed GWAS genotypes has been reported previously (9). In our 

study, the dosage genotypes for each cohort were transformed into hard call genotypes with 

PLINK1.9, the rationale for which was to keep only high-quality dosage data by filtering 

with stricter QC parameters of genotype probability (GP >=0.9) using Plink1.9. The high-
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quality hard-call genotyping data are easier to QC with Plink1.9 than dosage data, and the 

genotype data can be directly used in association tests with GEMMA (Genome-wide 

Efficient Mixed Model Association) (10) (improving the efficiency of computation), which 

incorporates and account for the relatedness among our family samples and model the 

relatedness to increase statistical power. Only genotypes with genotype imputation 

probability (GP) ≥0.9, an individual genotyping missing rate <5%, MAF >1% and missing 

call frequency <5% were kept for the association analysis. Following these QC efforts, there 

were ∼13 M, ∼9.8 M, and ∼5.9 M variants left for Yale-Penn 1-3, respectively.

We also included GWAS data from SAGE (n=4077) (dbGaP study id phs000092.v1.p1) (11, 

12), which were genotyped by the Illumina Human 1M array covering ∼1 M total SNPs. 

SAGE genotypes were compared with the HapMap3 reference datasets, comprised of CEU, 

YRI, and CHB populations, and separated into EA and AA populations by using the first PC 

scores in principal components analysis with Eigensoft. The raw genotypes were imputed 

with IMPUTE2 (13). The 1000 Genomes phase 1 reference panel (6) containing phased 

haplotypes for 1092 individuals was used for imputation. Dosage genotypes were 

transformed into hard call genotypes with a custom perl script for heterozygous and 

homozygous genotypes, i.e., dosage probability for heterozygous genotypes were between 

0.8 and 1.4 and homozygous genotypes of reference and alternative alleles ranged from 0 to 

0.4 and 1.6 to 2, respectively, with others assigned as missing. The QC criteria for the 

individual genotyping missing rate <5%, MAF >1% and missing call frequency <5% were 

also utilized to filter GWAS data. After QC, ∼14 M variants were retained for meta-analysis 

with Yale-Penn 1-3.

Analytic Methods

The sum of DSM-IV criterion counts for all EA OD-exposed individuals from the Yale-Penn 

1-3 samples were used as an ordinal (quantitative) trait in association analysis 

(Supplementary figure 1). GEMMA (10) was performed for each cohort separately, with an 

adjustment for sex, age, the first three PCs of ancestry, and the degree of relatedness among 

subjects. In our previous study, we also adjusted for the number of other substance 

dependence criteria, but did not do so here. This was intended to capture more OD 

information, at the cost of possible confounding by association driven in part by substance 

use comorbidities. Summary statistics from GEMMA were reformatted for PLINK1.9 for 

meta-analysis, and all variants were evaluated by matching their chromosomal positions and 

two alleles among the four GWAS datasets. Variants with conflicting allele information that 

could not be resolved by being flipped were excluded from the meta-analysis that used 

PLINK1.9. The inverse variance method implemented in PLINK1.9 was used to generate 

fixed-effects meta-analysis P-values (meta-P). In the above process, ∼8 M distinct variants 

present in at least in one cohort were reported in the meta-analysis; among these, ∼4.7 M 

variants were present among all four cohorts.

Correlation between rs12442183 Genotype with RGMA Expression

The potential correlation between rs12442183 genotype and RGMA expression was tested 

with publicly available microarray data. First, R package ESLiMc (Exon Splicing by Linear 

Modeling Analysis core) (14) was used to analyze alternative expression of RGMA 
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transcripts among 11 different healthy human tissues, including breast, cerebellum, heart, 

kidney, liver, muscle, pancreas, prostate, spleen, testes, and thyroid, data from which were 

obtained from www.affymetrix.com and included in ESLiMc analysis by its author (14). The 

rationale for using ESLiMc was that if there are no alternative splicing events, an increase in 

the global expression of a gene should correlate with a higher expression of all of its exons. 

Linear regression was used by ESLiMc to establish the above relationship between each 

exon and its corresponding gene. The difference (referred to as gene-exon residual 

regression score) generated by ESLiMc between the observed exon expression and the 

predicted exon expression was interpreted as being due to an alternative splicing (14). Next, 

we tested the correlation between rs12442183 genotype and the expression of RGMA 
transcript variants. We downloaded rs12442183 genotype information from BRAINEAC 

(15) and reprocessed its corresponding microarray data from GEO (Gene Expression 

Omnibus) (16) (accession No. GSE60863) (17) with R package ESLiMc. GSE60863 is 

comprised of 1231 samples originating from 10 brain tissues (occipital cortex, frontal cortex, 

temporal cortex, hippocampus, intralobular white matter, cerebellar cortex, thalamus, 

putamen, substantia nigra, and medulla (inferior olivary nucleus)) derived from 134 healthy 

human brains from UK Biobank (17). These brain samples were confirmed to be free of 

neurodegenerative disorders and assayed by Affymetrix Human Exon 1.0 ST array. We also 

used PExFIns (18), an expression quantitative locus (eQTL) analysis software package, to 

test the association of rs12442183 genotype with RGMA mRNA expression in 423 

lymphoblastoid cell lines (LCLs) across 6 global populations, including 73 CEU (Utah 

residents with northern and western European ancestry), 77 CHB (Han Chinese in Beijing, 

China), 72 JPT (Japanese in Tokyo, Japan), 80 LWK (Luhya in Webuye, Kenya), 42 MEX 

(Mexican ancestry in Los Angeles) and 79 YRI (Yoruba in Ibadan, Nigeria).

Besides RGMA, we also tested the association between rs12442183 genotype and the 

expression of other genes close to the SNP at both mRNA and exon level (see Integrative 

cis-eQTL Analysis in Supplementary Information).

Effect of Morphine Injection on Mouse Rgma Expression

The publicly available microarray experiment dataset GSE7762 was designed to determine 

the impact of genetic background on the transcriptional effects of morphine in mouse 

striatum (19). It used different morphine treatments, including a single morphine injection of 

20 mg/kg, repeated (3 times daily for 5 days) morphine injections of 10-40 mg/kg, and 

saline, in four inbred mouse strains (129P3/J, DBA/2J, C57BL/6J and SWR/J). We used the 

R package GEOquery (20) to download the normalized GSE7762 microarray data from 

GEO and analyze the expression of Rgma (the mouse gene homologous to RGMA). One-

way ANOVA implemented in MATLAB (Statistics Toolbox Release 2015b, MathWorks, 

Inc., Natick, Massachusetts, United States) was used to test the effect of morphine on Rgma 
expression in different mouse strains. Statistical significance was set at P<0.05.

Co-expression Analysis of RGMA

A novel bioinformatics pipeline was developed to search and prioritize genes co-expressed 

with RGMA in an unbiased way genome-wide. The correlations identified between RGMA 
and the identified co-expressed genes were subject to validation in brain tissue samples 
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(n=1301) downloaded from GEO (see RGMA Co-Expression Analysis in Supplementary 

Information).

Results

One GWS SNP was identified: rs12442183 (MAF 0.41 in EAs), which is ∼110 kb upstream 

of RGMA, in Yale-Penn 1 (P=4.7×10-8, n=1388). Meta-analysis of this sample with the 

other three samples (Yale-Penn 2 and 3, and SAGE) improved the GWS association signal 

(meta-P=1×10-8, n=3058) (Figure 1 and Table 1). The robust association signals around the 

top SNP (Figure 1) and the observed negligible inflation factor in the QQ plot 

(Supplementary figure 2) support the validity of the GWAS result. As noted above, the 

association was GWS in Yale-Penn 1 taken individually. We also observed P <0.05 in both 

Yale-Penn 2 and Yale-Penn 3: the risk allele T of rs12442183 was significantly correlated 

with increased OD criterion counts in all cohorts, except for SAGE (Table 1 and Figure 2). 

SAGE has little variation in OD criterion count and >50% of individuals have a criterion 

count of 0, yielding low power in that sample.

The association of the lead SNP rs12442183 with OD was tested further in opioid-exposed 

AAs from three cohorts (Table 1), including Yale-Penn 1 (n=1506), Yale-Penn 2 (n=245) 

and SAGE (n=263) (MAF 0.33 in AAs). Yale-Penn 3 was not included because of the small 

number of AAs (n=12). Rs12442183 was significantly (P=1.2×10-2) or marginally 

significantly (P=8×10-2) associated with OD in Yale-Penn 1 and Yale-Penn 2, respectively. 

Possibly due to the same low variation of OD criterion counts in SAGE AAs, the association 

of rs12442183 with OD was not significant. However, by meta-analysis of the 2014 AA 

samples, the association of rs12442183 with OD was replicated (meta-P=3×10-3) (Table 1 

and Figure 2).

The validity of the association of rs12442183 with OD in EAs and potentially also in AAs 

was demonstrated by the observation that 5 out of 7 cohorts (Table 1 and Figure 2) show at 

least nominal significance at this marker. Rs12442183 and rs1872052 (hg19 position chr15: 

93752878, ∼4.9 kb downstream of rs12442183) are the only two of the top 10 signals in the 

EA GWAS that were also nominally associated in AAs (Supplementary Table 2). Many of 

the variants that were associated in EAs were not present or were uncommon in AAs, so 

there was no relevant information for them. The meta-analysis P-value for rs12442183 was 

also significant (3.0×10-8) across all cohorts (EA and AA), but the combined P-value is 

higher (i.e., less significant) than the European-specific P-value, which may be due to the 

different haplotype structures for EAs and AAs.

We next considered the effects of other substance use disorder criteria, including those for 

cocaine dependence (CD), alcohol dependence (AD), and nicotine dependence (ND), on the 

rs12442183 association signal. When we included CD, AD and ND criterion counts as 

covariates along with age, sex and first three PCs, there was decreased evidence of 

association of rs12442183 with OD in Yale-Penn 1-3 EAs, where nominal P-values were 

3.7×10-7, 0.17, and 0.08, respectively (meta-analysis P=3.91×10-7). Thus, the effect of CD, 

AD and ND on the observed association of rs12442183 with OD was observable, but 

limited.
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The association of a previously implicated OD locus, CNIH3 (3), was evaluated in the 

current GWAS meta-analysis of EAs. The lead SNP for CNIH3, rs10799590, was identified 

in a GWAS that compared opioid-dependent daily drug injectors with opioid misusers who 

never progressed to daily injection (5), whereas in our OD GWAS, the phenotype was OD 

criterion count. With that in mind, we note that the meta-analysis P-value for rs10799590 

with OD criterion count was 0.038 in EAs.

The regulatory relationship between rs12442183 and RGMA expression was studied using 

publicly available microarray data. RGMA encodes a glycosylphosphatidylinosital-anchored 

glycoprotein (RGMa). There are three RGMa isoforms (Supplementary figure 3) that are 

generated by six RGMA transcript variants (Figure 3A), including NM_001166283 (variant 

1), NM_001166286 (variant 2), NM_001166287 (variant 3), NM_020211 (variant 4), 

NM_001166288 (variant 5) and NM_001166289 (variant 6). Transcript variant 1 and 4 

encode RGMa isoforms 1 and 3, respectively, and all other transcripts produce the same 

RGMa isoform 2. To identify alternative expression of RGMA among 11 healthy human 

tissues, four RGMA exons, including ENSE00001325239, ENSE00001319132, 

ENSE00001304160 and ENSE00001532613, were analyzed via R package ESLiMc (Figure 

3A). ENSE00001325239 and ENSE00001319132 reside in the overlapping exonic regions 

in all 6 transcripts of RGMA, i.e., the expression signals of the two exons represent the total 

mRNA of RGMA. ENSE00001532613 is a specific exon representing transcript variant 4 

(NM_020211, encoding RGMa isoform 3). Similarly, exon ENSE00001304160, specifically 

represents transcript variant 2 (NM_001166286, encoding RGMa isoform 2). Only 

ENSE00001532613, representing transcript variant 4, was variably expressed among the 11 

tissues studied, and cerebellum was the only brain tissue with both the lowest expression and 

with the lowest gene-exon residual regression score for RGMA (Figure 3A and 3B). Further 

correlation analysis between rs12442183 genotype and the gene-exon expression residual 

scores of the four exons revealed that only ENSE00001532613 (representative of transcript 

variant 4) was differentially expressed (P=2×10-3) among rs12442183*T risk allele carriers 

in frontal cortex (Figure 3C). Among the other nine brain tissues, there were no significant 

correlations between rs12442183 genotype and gene-exon residual scores (data not shown). 

We also tested whether rs12442183 was an eQTL in LCLs across 6 global populations, 

including CEU, YRI, LWK, MEX, CHB and JPT, but found no significant associations (all 

linear model P-values >0.05), indicating that rs12442183 may be a specific eQTL for 

RGMA transcript variant 4 (encoding RGMa isoform 3) in frontal cortex.

We also tested whether the observed association between rs12442183 and OD was driven by 

the SNP's regulatory effect on other genes in the region (see Integrative cis-eQTL Analysis 

in Supplementary Information). With the independent data from the R package ESLiM, only 

RGMA and MCTP2 showed alternative splicing in healthy brain tissue. We further 

correlated the genotype of rs12442183 with available exon expression of RGMA, CHD2, 

FAM174B and MCTP2 from BRAINEAC. There was a significant correlation of 

rs12442183 genotype with specific exons of RGMA and MCTP2. However, the expression 

of MCTP2 is very low among 27 human tissues.

We re-analyzed publicly available data from a microarray experiment (GEO accession No. 

GSE7762) designed to test the effects of different morphine treatments on gene expression 
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in mouse striatum tissue. By comparison with control and chronic morphine treatment, we 

found that the expression of mouse Rgma was significantly decreased (all ANOVA P-

values<0.01) after acute morphine challenge in all 4 mouse strains, except for C57BL/6J. 

Compared to acute morphine challenge, significant upregulation of Rgma was found in 

C57BL/6J mouse striatum after chronic morphine injection (ANOVA P-value<0.01). These 

results demonstrate that Rgma was differentially regulated in mouse striatum when 

comparing C57BL/6J with other mouse strains.

The expression of six genes previously associated with psychiatric disorders and two 

potential regulators for RGMA were correlated with that of RGMA in brain tissue samples 

(n=1301). These genes are GRIN1 (glutamate receptor, ionotropic, N-methyl D-aspartate 1), 

KCNIP3 (Kv channel interacting protein 3, calsenilin), PTCHD1 (patched domain 

containing 1), FXYD6 (FXYD domain containing ion transport regulator 6), DLG4 (discs, 

large homolog 4) and NRG1 (neuregulin 1), as well as two potential regulators (TCF3 and 

TCF4). GRIN1, FXYD6, NRG1 and DLG4 have been associated with schizophrenia 

(21-24), KCNIP3 with Alzheimer's disease (25), PTCHD1 with autism (26), and NRG1 with 

psychosis (27). The E-box (5′-CANNTG-3′) motif of the two potential regulators, TCF3 
and TCF4, was found in the promoter region of RGMA, GRIN1 and PTCHD1. We 

combined normalized expression data (z-scores) of 1301 brain tissue samples to test the 

pairwise correlation among the six genes. As shown in Supplementary figure 4A, the 

expressions of GRIN1, KCNIP3, FXYD6, PTCHD1, RGMA, TCF3 and TCF4 were highly 

inter-correlated. For RGMA, there was a strong positive correlation with GRIN1 (Pearson 

correlation coefficient r=0.40 and P=7.0×10-50) and KCNIP3 (r=0.38 and P=1.35×10-45) 

(Supplementary figure 4B), with the latter two also significantly inter-correlated 

(Supplementary figure 4A: r=0.73 and P=1×10-200).

Discussion

We report here results from a GWAS of opioid criterion count in EA subjects. There was a 

GWS association of an RGMA variant, rs12442183, in Yale-Penn 1. There was nominally 

significant evidence for association of the same variant in both Yale-Penn 2 and Yale-Penn 3, 

and when all EA samples (including SAGE, where no evidence of the association was 

obtained) were meta-analyzed together, the significance of the association finding increased. 

Because the minor allele frequency of rs12442183 was similar for the EA and AA 

populations, we further evaluated the association of rs12442183 with OD in the Yale-Penn 

AA sample. The nominally significant association in the AA meta-analysis (n=2014, meta-

P=3×10-3) further supports the association. (AA replication of results from EA samples is 

not universally applicable, but in this case, we found evidence that we believe is of value.) 

Cis-eQTL analysis of RGMA in brain showed the rs12442183*T risk allele to be associated 

with higher expression of RGMA transcript variant 4 (encoding RGMa isoform 3) in frontal 

cortex. This observation is consistent with the upregulation of Rgma in C57BL/J6 mice 

treated with morphine chronically, which is not the case in three other mouse strains: 

DBA/2J, 129P3/J and SWR/J. C57BL/6J mice have a greater preference for oral self-

administration of morphine than three other strains (19). Further co-expression analysis in 

large brain tissue expression datasets demonstrated significant correlation between the 

expression of RGMA and that of four genes that have been shown to affect risk for other 
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psychiatric disorders, GRIN1 (schizophrenia) (23), KCNIP3 (Alzheimer's disease) (25), 

FXYD6 (schizophrenia) (21) and PTCHD1 (autism) (26), as well as two transcription 

factors TCF3 and TCF4. The latter gene TCF4 is a schizophrenia-risk gene (28). These 

RGMA co-expressed genes are critical to normal brain function, supporting the potential 

involvement of RGMA in related biological processes.

The protein product of RGMA, RGMa, is a glycosylphosphatidylinosital-anchored 

glycoprotein that exists in membrane-bound and soluble forms (29), both of which are 

potent regulators of cell death and inhibitors of nerve growth. RGMa was first reported to be 

a developmental neurite growth inhibitor (30). It has since emerged as an important factor 

inhibiting neuronal regeneration and functional recovery (31, 32). RGMa inhibits neurite 

growth by binding to its neuronal receptor, neogenin, a member of the immunoglobulin (Ig) 

superfamily. Neogenin overexpression and RGMa down expression in the developing 

embryonic neural tube induce apoptosis (33). RGMa may be involved in neuroplasticity 

consistent with increased secretion of RGMa in stroke- or injury-damaged human brain 

tissue (34), in the plaque regions of Alzheimer's disease patients (35), in the substantia nigra 

of Parkinson's disease patients (36), and in multiple sclerosis (MS) patients (37). 

Considering the example of progressive MS (38), RGMa was found in active and chronic 

lesions, and in normal-appearing gray and white matter, and was expressed by cellular 

meningeal infiltrates in autopsy material. Levels of soluble RGMa in the cerebrospinal fluid 

were decreased in progressive MS patients for whom treatment resulted in functional 

improvement. Antibody-mediated neutralization of RGMa or downregulation of RGMa can 

result in neuroprotection and enhanced functional recovery (38). Whether RGMa plays 

similar roles in OD patients and thereby modulates addiction risk warrants further study.

The mouse experiment that investigated the effects of morphine on the striatal transcriptome 

(19) identified 661 morphine-responsive genes. Rgma was one of the top 98 genes that were 

down-regulated with acute morphine treatment. Consistent downregulation of Rgma was 

observed among 3 mouse strains, including DBA/2J, 129P3/J and SWR/J, but not 

C57BL/6J. However, Rgma was specifically upregulated in C57BL/6J mice (in contrast to 

the other 3 mouse strains) following chronic morphine treatment. The different responses of 

these mouse strains after chronic or acute morphine treatment may reflect genetic 

differences, as C57BL/6J mice have been reported to have the greatest preference for orally 

self-administered morphine of the strains studied (19). Further, in the current study, risk 

rs12442183*T-allele carriers demonstrated a higher expression of one RGMA transcript in 

frontal cortex. As downregulation of RGMa can result in neuroprotection and enhanced 

functional recovery (38) and increased RGMa in brain is associated with risk of multiple 

neurological disorders, including Alzheimer's disease, Parkinson's disease, and multiple 

sclerosis, downregulation of RGMa may have a protective effect on neurons after acute 

morphine treatment, while upregulation of RGMa may induce brain vulnerability with 

chronic morphine treatment.

In the analysis of several brain tissue samples, RGMA expression was associated with the 

expression of four other genes related to psychiatric traits, GRIN1, KCNIP3, FXYD6 and 

PTCHD1. GRIN1 was the gene that was most highly co-expressed (r=0.40) with RGMA in 

brain. It plays a key role in synaptic plasticity, synaptogenesis, excitotoxicity, memory 
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acquisition and learning (39). GRIN1 can tether the μ-opioid receptor (the main biological 

target of opioid drugs) and subsequently immobilize the μ-opioid receptor within lipid rafts 

(40). The overexpression of GRIN1 increases the amount of μ-opioid receptor in lipid rafts 

and the magnitude of receptor signaling. The significant correlation between the expression 

of other genes (PTCHD1, FXYD6, and KCNIP3) and that of RGMA, may reflect their 

critical function in the brain (21, 26, 41). These findings raise the question of whether, in 

response to opioid stimulation in brain, there is crosstalk between RGMA and GRIN1, and 

possibly KCNIP3, FXYD6 and PTCHD1 as well.

Different proportions of prescribed vs. illegal users of opioids in the Yale-Penn and the 

SAGE samples could have affected our results and may help to understand the different 

results from these samples. Neither the SSADDA (Yale-Penn) nor the SSAGA (SAGE) 

differentiates prescribed from illegal-recreational use of opioids, and therefore some subjects 

who endorsed DSM-IV OD criteria probably did so despite using opioids therapeutically. 

However, a majority (59.5%) of individuals in our samples who met criteria for OD 

endorsed at least five of the seven diagnostic criteria (mean criterion count = 6.6, 

Supplementary figure 1), suggesting that the GWS finding is attributable to moderate-to-

severe OD, rather than being contributed to substantially by individuals who used opioids as 

prescribed, but required an increased dosage for pain control or who experienced withdrawal 

symptoms when opioid treatment was discontinued. The much greater proportion of 

participants in the Yale-Penn samples than SAGE who met the maximum number of (i.e., 

seven) OD criteria supports that interpretation. Also, compared to our (Yale-Penn) samples, 

the SAGE samples were recruited for alcoholism (42), cocaine dependence (43), or nicotine 

dependence (44), rather than OD. Therefore, a much higher percentage of opioid-exposed 

individuals in SAGE are “controls”: viz. individuals who used opioids fewer than 11 times 

lifetime and would have skipped out of the remainder of the SSAGA opioid section and had 

a null criterion count (Supplementary figure 1). Additionally, the relative percentage of 

opioid-exposed individuals varies considerably across our three Yale-Penn EA samples 

because of the different recruiting epochs, although the assessment protocol did not change: 

the earlier Yale-Penn samples were more focused on OD recruitment than the later ones.

In summary, we report a GWS association of rs12442183, at the RGMA locus, with OD. In 

contrast to our earlier study, the present study includes only opioid-exposed subjects selected 

from an expanded sample; and our analyses for this study did not co-vary for the criterion 

count for other substance use disorder traits. We believe that the former two differences were 

key in our identification of the present very robust association finding. The finding was 

GWS in our largest sample taken separately, with nominally significant associations of the 

same variant in two of three other available samples of EAs. Further support was obtained in 

AA samples. Our current data support a model in which the regulatory variant rs12442183 

affects expression of RGMA transcript variant 4 in frontal cortex, and the consequent 

variation in RGMa isoform 3 may alter the response to opioids, a potential underlying 

mechanism for its association with OD. This mechanism and locus merit further study, 

which could increase our understanding of the genetics and pathophysiology of OD.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Manhattan plots showing genome-wide association signals of opioid dependence in 
opioid-exposed European-Americans by meta-analysis
(A) Manhattan plot with one significant variant, rs12442183, on chromosome 15, in meta-

analysis of four OD cohorts. The line in the plot represents the genome-wide significance 

cutoff (5×10-8). (B) Regional Manhattan plot demonstrates rs12442183 is close to gene 

RGMA (and regulates RGMA expression; see Figure 3 and text). The light blue line and 

right Y-axis show the observed recombination rate in the 1000 Genomes Project European 

samples (EUR, hg19). The SNPs are colored in accordance to R2 with rs12442183 (in 

purple), except for rs113200177, which is specifically highlighted in dark. rs113200177 

(T/TG, meta-P=2×10-3) is located in the promoter of RGMA and is predicted to be able to 

destroy the E-box motif (5′-CANNTG-3′) of transcription factor 3 or 4 (TCF3 or TCF4) by 

Haploreg4 (45). By adjusting the effect of the indel in conditional association analysis for 

rs12442183, the association signal of rs12442183 became stronger in Yale-Penn 1 taken 

individually (P=1.9×10-8).
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Figure 2. Forest plot for rs12442183 risk allele T in opioid dependence GWAS
Effect Beta and its 95% confidence interval are plotted with squares (proportional to sample 

size in each cohort) and horizontal lines with whiskers, respectively. The vertical line 

(beta=0) indicates no effect. Names of cohorts are shown on the left. Meta-analysis P-values 

and their corresponding effect betas (red diamonds) for European-American (EA) and 

African-American (AA) populations are also provided. The forest plot was generated by 

DistillerSR Forest Plot Generator from Evidence Partners (https://

www.evidencepartners.com/resources/forest-plot-generator).
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Figure 3. rs12442183 is a regulatory variant of RGMA and Rgma is an acute opioid response gene 
in mouse
(A) Six transcripts of RGMA and four exons used for alternative splicing analysis are 

mapped together. The relationship between the expression of these four exons and RGMA 
gene expression was determined by using a linear regression model implemented in R 

package ESLiMc. The difference between the observed exon expression and the predicted 

exon expression is named as residual regression score. The alternative splicing events of 

RGMA across 11 healthy human tissues are displayed in (B), with dot and error-bar 

represent mean and standard deviation of 3 replicates, respectively. Boxplots (C) are used to 

illustrate the association between rs12442183 genotype and the residual regression scores of 

four exons in brain tissue frontal cortex in European samples. Dot and line within each 

boxplot represent mean and median, respectively, and box region indicates the range from 

first quantile to third quantile. Up and down whiskers, as well as dots outside box region 

represent maximum value, minimum value, and outliers, respectively. (D) The expression of 

Rgma (homologous gene in mouse) among different mouse strains acutely after morphine 

injection (a single injection, 20 mg/kg) in comparison with chronic injections (repeated 

morphine administration, 10-40 mg/kg, 3 times daily for 5 days). X-axis shows the four 

inbred mouse strains (129P3/J, DBA/2J, C57BL/6J and SWR/J). Y-axis demonstrates the 

mRNA expression of mouse gene Rgma. The expression data were derived from NCBI Gene 

Cheng et al. Page 16

Biol Psychiatry. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Expression Omnibus (GEO) dataset GSE7762. The standard deviation is at the top of each 

bar.

Cheng et al. Page 17

Biol Psychiatry. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cheng et al. Page 18

Ta
b

le
 1

M
et

a-
an

al
ys

is
 o

f 
rs

12
44

21
83

 R
is

k 
A

lle
le

 T
 in

 O
D

 E
xp

os
ed

 I
nd

iv
id

ua
ls

P
op

ul
at

io
n

C
oh

or
t1

To
ta

l S
ub

je
ct

s 
N

o.
E

xp
os

ed
 S

ub
je

ct
 N

o.
C

ri
te

ri
on

 C
ou

nt
s2

M
A

F
3

E
ff

ec
t 

B
et

a 
(9

5%
 C

I)
 4

Im
pu

ta
ti

on
 R

2
P

Y
al

e-
Pe

nn
 1

17
68

13
88

5.
0 

±
 2

.8
0.

41
0.

60
 (

0.
39

 -
 0

.8
2)

0.
98

4.
7 

×
 1

0-8

E
ur

op
ea

n-
A

m
er

ic
an

s 
(E

A
)

Y
al

e-
Pe

nn
 2

17
25

99
6

4.
7 

±
 2

.9
0.

38
0.

30
 (

0.
02

 -
 0

.5
8)

0.
82

3.
8 

×
 1

0-2

Y
al

e-
Pe

nn
 3

40
3

98
3.

6 
±

 3
.2

0.
41

1.
6 

(0
.5

2 
- 

2.
8)

0.
81

5.
3 

×
 1

0-3

SA
G

E
27

52
57

6
2.

0 
±

 2
.8

0.
38

-0
.1

4 
(-

0.
18

 -
 0

.5
0)

0.
98

3.
9 

×
 1

0-1
*

M
et

a-
an

al
ys

is
0.

44
1.

3 
× 

10
-8

Y
al

e-
Pe

nn
 1

32
89

12
09

3.
8 

±
 3

.1
0.

33
0.

14
(0

.0
4 

- 
0.

6)
0.

98
2.

3 
×

 1
0-2

A
fr

ic
an

-A
m

er
ic

an
s 

(A
A

)

Y
al

e-
Pe

nn
 2

17
44

24
5

3.
4±

 3
.1

0.
3

0.
50

 (
-0

.0
8 

- 
1.

1)
0.

82
8.

0 
×

 1
0-2

Y
al

e-
Pe

nn
 3

13
9

12
-

-
-

-
-

SA
G

E
13

12
25

2
2.

5 
±

 3
.0

0.
34

0.
25

 (
-0

.3
1 

- 
0.

81
)

0.
98

3.
7 

×
 1

0-1

M
et

a-
an

al
ys

is
0.

34
3.

0 
× 

10
-3

1 Il
lu

m
in

a 
m

ic
ro

ar
ra

y 
H

um
an

O
m

ni
1-

Q
ua

d 
v1

.0
, H

um
an

C
or

e 
E

xo
m

e 
ar

ra
y,

 a
nd

 H
um

an
 1

M
 w

er
e 

us
ed

 to
 g

en
ot

yp
e 

sa
m

pl
es

 f
or

 Y
al

e-
Pe

nn
 1

-3
, r

es
pe

ct
iv

el
y.

2 M
ea

n 
±

 s
ta

nd
ar

d 
de

vi
at

io
n 

fo
r 

cr
ite

ri
on

 c
ou

nt
s 

of
 o

rd
in

al
 tr

ai
ts

.

3 M
in

or
 a

lle
le

 f
re

qu
en

cy
.

4 95
%

 c
on

fi
de

nc
e 

in
te

rv
al

 o
f 

co
nt

in
uo

us
 e

ff
ec

t b
et

a 
ba

se
d 

on
 li

ke
lih

oo
d 

ra
tio

 te
st

 b
y 

us
in

g 
th

e 
so

ft
w

ar
e 

G
en

om
e-

w
id

e 
E

ff
ic

ie
nt

 M
ix

ed
 M

od
el

 A
ss

oc
ia

tio
n 

(G
E

M
M

A
).

* in
di

ca
te

s 
th

e 
op

po
si

te
 e

ff
ec

t d
ir

ec
tio

n.

Biol Psychiatry. Author manuscript; available in PMC 2019 November 15.


	Abstract
	Introduction
	Materials and Methods
	Subjects, Genotyping and Imputation
	Analytic Methods
	Correlation between rs12442183 Genotype with RGMA Expression
	Effect of Morphine Injection on Mouse Rgma Expression
	Co-expression Analysis of RGMA

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

