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LETTER TO EDITOR

Genome-wide association meta-analyses identify novel
genetic risk loci and polygenic phenotype associations for
heroin, methamphetamine and alcohol dependences

Dear Editor,
This work presented a significant correlation between
heroin and methamphetamine dependence (HD and MD)
which distinguished with alcohol dependence (AD) at the
genome-wide level. Three novel risk loci were identified
for HD and MD. The shared polygenic risk with cogni-
tion and attention-deficit hyperactivity disorder (ADHD)
further profiled the similar genetic characteristics between
HD and MD compared to AD.
Substance dependencies (SD) are one of the leading pub-

lic health concerns worldwide. Drug markets are in a con-
stant state of flux. The combined use of different addic-
tive substances, especially illegal drugs, is common among
addiction patients. Genetic factors contribute to approxi-
mately 40%–70% of the variance in persistent SD.1 Captur-
ing the shared and specific genetic mechanism of differ-
ent substance dependences is crucial for coping with the
changeable types of addiction.
In this study, genome-wide association meta-analyses

(GWMA) were performed independently for HD, MD and
AD based on two data sets (DS) of substance-specific
dependence patients (1028 HD, 1750 MD, 537 AD and 2862
shared controls for DS1, 980 HD, 701 MD, 224 AD and
1111 shared controls for DS2) (Supplementary Tables S1
and S2, Supplementary Figures S1 and S2, supplemen-
tary methods). Consist with our previous study in DS12,
One significant locus at chr12 ANKS1B was identified for
both HD (peaked in rs112706556, pmeta = 4.99e-8) and MD
(peaked in rs58720542, pmeta = 4.401e-9) (Table 1, Figure 1A
and B); two well-known loci in chr4 ADH cluster and
chr12 ALDH cluster were verified for AD (Supplementary
Figure S3). Genetic correlation analysis using LD score
regression3 showed MD and HD were significantly corre-
lated (rg = 0.8618, p= 7.361e-5), but not forHDandAD,MD
and AD. The cross-dataset pairwise polygenic risk score
(PRS) analysis further validated these relationship patterns
(Supplementary Table S3).
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Based on the high genetic correlation between HD
and MD, the combined GWMA for HD&MD versus con-
trols were analysed, in which HD and MD were grouped
as cases and compared with controls (Table 1 and Fig-
ure 1). In addition to the ANKS1B locus (peaked in
rs140254085, pmeta = 6.355e-10), another two novel loci
located in chr2 locus (peaked in rs74330628 downstream
of NRXN1, pmeta = 3.84e-8) and chr7 locus (peaked in
GTF2IRD1 intron rs76965632, pmeta = 1.41e-8) were iden-
tified (Supplementary Table S4). The functional annota-
tions for the three significant loci are shown in Table 1.
Several regulatory features were located in the loci (Sup-
plementary Figure S4), and eQTL data showed the loci reg-
ulated the expression of ANKS1B and NRXN1 in brain tis-
sues (Supplementary Table S5, Figure 2A and Supplemen-
tary Figure S5). By comparison, the three significant loci
of HD&MD were not associated with AD, while the chr4
ADH and chr12 ALDH loci were not associated with HD
and MD or had a different direction in HD and MD with
AD (Supplementary Figure S6). These findings are consis-
tent with previous twin study that showed a closer genetic
correlation across illicit drug dependences compared to
alcohol dependence.4
Next, the association with addiction characteristics of

the significant loci for HD&MD was examined (Supple-
mentary Table S6 and Figure 2B). The protective allele (A)
of rs74330628 in the NRXN1 locus was associated with a
lower frequency of heroin usage (padj = .0167). The pro-
tective allele (C) of rs76965632 in the GTF2IRD1 locus was
negatively associated with craving of MA (padj = .0256).
Using the Human Connectome Project data, the SNPs
of ANKS1B was associated with risk of ever used illicit
drug (EverDrugs) (Supplementary Table S7), which was
associated with the volume of the left and right amygdala
(Supplementary Table S8). Mediation analysis showed
the ANKS1B locus had an indirect effect on EverDrugs
by the mediation of the left amygdala and right amygdala
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F IGURE 1 Manhattan and regional plots for drug dependence traits. (A) Manhattan plot for HD. (B) Manhattan plot for MD.
(C) Manhattan plot for HD&MD. The red line denotes the threshold of p < 5e-8. (D)–(F) The regional plots for the three significant loci of
HD&MD in chr12 (D), chr2 (E) and chr7 (F)

(Figure 2C). ANKS1B protein may be involved in the
neural plasticity of the amygdala during drug use by
affecting glutamatergic neurotransmission.5 Phenome-
wide association analysis based on the GWAS Atlas6
further validated the association of ANKS1B, NRXN1 and
GTF2IRD1 with psychiatric traits (Supplementary Figure
S7 and Supplementary Tables S9–S11).
We next explored the associated genes and pathways

for the shared risk of HD and MD. ANKS1B, GRM7,
RBFOX1 andCDH13were shared byHD,MD andHD&MD
(Supplementary Table S12). Enrichment analysis showed
the HD- and MD-related 22 unique genes were signifi-
cantly enriched in brain-related tissues, GO term ‘modu-
lation of chemical synaptic transmission’ and drug abuse
and neurodevelopmental disorder-related diseases (Sup-
plementary Figure S8). These associated genes and path-
ways provide new candidates and clues for understanding
the genetic mechanism of drug dependences.
Additionally, polygenic associations with phenotypes of

addiction-related traits, risk behaviour, cognition and psy-
chiatric disorders (Supplementary Table S13) were per-
formed for HD, MD and AD. The three alcohol-related
traits were significantly associated with AD, but not with
HD and MD (Figure 3A and Supplementary Table S14).

Sexual and smoke behaviour risks were positively associ-
ated with the MD and HD&MD, but not with AD (Fig-
ure 3B and Supplementary Table S15). Cognition per-
formance, education attainment and IQ were negatively
associated with HD, MD and HD&MD but not with
AD (Figure 3C and Supplementary Table S16). Our find-
ings support that pre-existing cognition disruption could
increase the risk of illicit drug dependence.7 For the
eight psychiatric disorders, only the PRS of ADHD was
positively associated with HD, MD and HD&MD, but
not with AD (Figure 3D and Supplementary Table S17).
Mendelian randomisation analysis further highlighted the
causal effect of ADHD on HD and HD&MD (Supple-
mentary Table S18). Our previous study also demon-
strated that ADHD-relevant childhood behaviour was a
risk factor for MA-induced psychosis.8 First-degree rela-
tives of ADHD probands have an increased risk for drug
dependence.9 This suggests that ADHD and drug depen-
dence have shared genetic factors. Cluster analysis based
on the standardised coefficient matrix from the PRS asso-
ciation results showed HD, MD and HD&MD were in one
sub-cluster and were different from AD, which further
highlighted the closer polygenic correlations between HD
and MD compared to AD.
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F IGURE 2 Function of the significant loci. (A) eQTL data for the significant loci in GTEx. SNP rs7968525 was associated with the
expression of ANKS1B in the brain–spinal cord (cervical c-1), SNP rs1363047 was associated with the expression of NRXN1 in the
brain–anterior cingulate cortex (BA24) and SNP rs55903729 was associated with expression of NRXN1 in the brain–hippocampus.
(B) Association of the significant loci with heroin use frequency and MA craving. Rs74330628 in the NRXN1 locus was associated with heroin
use frequency, rs76965632 in the GTF2IRD1 locus was associated with MA craving. (C) Mediation model used SNP rs78362061 of the chr12
ANKS1B locus as X, left/right amygdala asM and EverDrugs as Y by using the Human Connectome Project data. SNP rs78362061 of the
ANKS1B locus was associated with left amygdala volume (p = .037) and right amygdala volume (p = .028), which were also associated with
EverDrugs (p = .003 for the left amygdala, p = .037 for the right amygdala). SNP rs78362061 of the ANKS1B locus had an indirect effect on
EverDrugs through the mediation of the left amygdala (20%) and right amygdala (21.9%)

In conclusion, at the genome-wide loci, genes and
polygenic levels, we identified significant genetic over-
lap between HD and MD, which distinguished with
AD. Notably, the combined HD&MD GWAS identified
three common risk loci, located on ANSK1B, NRXN1 and
GTF2IRD1 genes. At the polygenic level, HD and MD
were significantly associatedwith cognition deficiency and
ADHD, which distinguished them from AD. Our results
would help with the fine-mapping of the common and
unique genetic mechanisms underlying drug dependences

and alcohol dependence and may provide clues for their
prevention.
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F IGURE 3 PRS analysis results for (A) six addiction-related traits, (B) five risk behaviours, (C) three cognition traits and (D) eight
psychiatric disorders with four SD traits. *denotes the permutation adjusted p was less than .05 in DS1 and replicated in DS2 (p < .05).
Heatmap was constructed using the standardised beta coefficient. OUD: opioid use disorder, AUD: alcohol use disorder, PAU: problematic
alcohol use, AD-EUR: alcohol dependence of European population, SZ: schizophrenia, ADHD: attention-deficit hyperactivity disorder, OCD:
obsessive-compulsive disorder, BIP: bipolar disorder, MDD: major depressive disorder, ASD: autism disorder, AN: anorexia nervosa, TS:
Tourette syndrome.
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