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Abstract

Genetic correlations suggest that the genetic relationship of alcohol use with internalizing 

psychopathology depends on the measure of alcohol use. Problematic alcohol use (PAU) is 

positively genetically correlated with internalizing psychopathology, whereas alcohol consumption 

ranges from not significantly correlated to moderately negatively correlated with internalizing 

psychopathology. To explore these different genetic relationships of internalizing psychopathology 

with alcohol use, we performed a multivariate GWAS of four correlated factors (internalizing 

psychopathology, PAU, quantity of alcohol consumption and frequency of alcohol consumption) 

and then assessed genome-wide and local genetic covariance between these factors. We identified 

14 significant regions of local, largely positive, genetic covariance between PAU and internalizing 

psychopathology and 12 regions of significant local genetic covariance (including both positive 

and negative genetic covariance) between consumption factors and internalizing psychopathology. 

Partitioned genetic covariance among functional annotations suggested that brain tissues 

contribute significantly to positive genetic covariance between internalizing psychopathology 

and PAU, but not to the genetic covariance between internalizing psychopathology and quantity 

or frequency of alcohol consumption. We hypothesize that genome-wide genetic correlations 

between alcohol use and psychiatric traits may not capture the more complex shared or divergent 

genetic architectures at the locus or tissue specific level. This study highlights the complexity of 

genetic architectures of alcohol use and internalizing psychopathology, and the differing shared 

genetics of internalizing disorders with problematic alcohol use compared to consumption.
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INTRODUCTION

Internalizing disorders and alcohol use disorders (AUDs) have a high rate of comorbidity, 

co-occurring at a rate two to four times more likely than would be expected if independent 

(Burns & Teesson, 2002; Himle & Hill, 1991; Kessler et al., 1997; Regier et al., 1990). 

There is strong evidence that shared genetic factors contribute to this co-occurrence (Enoch 

et al., 2006; Merikangas et al., 1996; Nurnberger et al., 2002; Torvik et al., 2019). However, 

the specific underlying genetic mechanisms of this comorbidity are generally unknown.

Complicating this connection is the fact that the relationships of individual internalizing 

disorders, such as depression and generalized anxiety disorder (GAD), with problematic 

alcohol use (PAU) are distinct from their relationships with alcohol consumption (Hasin et 

al., 2007; Himle & Hill, 1991; Kessler et al., 1997; Kushner et al., 1999; Merikangas et al., 

1996; Regier et al., 1990). Recent work suggested that when alcohol use, measured with the 

Alcohol Use Disorders Identification Test (AUDIT) (Saunders et al., 1993), is partitioned 

into a problem use score (AUDIT-P) and a consumption score (AUDIT-C), these two 

alcohol use phenotypes are genetically separable, with a genetic correlation (rg) of 0.695, 

and they have distinct genetic correlations with psychiatric traits (Sanchez-Roige et al., 

2019). Importantly, AUDIT-P was significantly positively genetically correlated (rg=0.26) 

with depression, while AUDIT-C was negatively genetically correlated (rg=−0.24) (Sanchez

Roige et al., 2019).

Such correlations may be impacted by self-reporting biases or from composite AUDIT 

scores not fully capturing differential impacts of individual items. Xue et al. showed 

that correcting for self-reporting biases in alcohol use GWAS led to a positive genetic 

correlation of AUDIT-C with depression (rg=0.11), but this correlation remained lower than 

the correlation with AUDIT-P (Xue et al., 2021). Alternatively, individual AUDIT items 

may be disproportionately affecting AUDIT-P and AUDIT-C composite scores (Mallard, 

Savage, et al., 2020), where equally weighting each AUDIT item does not accurately 

represent measures of PAU and alcohol consumption. However, after identifying alcohol 

consumption and problematic use latent factors with Genomic Structural Equation Modeling 

(Genomic SEM) (Grotzinger et al., 2019), psychopathology phenotypes remained more 

strongly genetically correlated with PAU than consumption (Mallard, Savage, et al., 2020).

It is worth noting that consumption itself, typically measured as a combination of frequency 

and quantity of use, may be comprised of genetically differentiable components. Within 

a Genomic SEM analysis, AUDIT items 2 & 3, which are measures of quantity of 

consumption, load much more strongly onto a consumption factor than AUDIT item 1, 

which relates to frequency of alcohol consumption (Mallard, Savage, et al., 2020). This 

pattern is consistent with other work that observed a more moderate genetic correlation 

between quantity and frequency of alcohol consumption (rg=0.52) (Polimanti et al., 2019). 

Colbert et al. Page 2

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2022 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, while quantity of alcohol consumption was positively genetically correlated 

with depression (rg = 0.14), frequency of alcohol consumption was negatively correlated 

(rg = −0.17) (Polimanti et al., 2019). These findings suggest that measures of alcohol 

consumption frequency (hereafter referred to as frequency) are distinct from measures of 

alcohol consumption quantity (hereafter referred to as quantity), which may themselves have 

separable relationships with internalizing disorders.

Previous studies have examined the individual genetic correlations of PAU or alcohol 

consumption with either depression or anxiety symptoms (Mallard, Savage, et al., 2020; 

Sanchez-Roige et al., 2019; H. Zhou et al., 2019). However, a general internalizing 

psychopathology factor may be a more informative measure when examining these 

relationships because, 1) the genetic correlation of anxiety and depression is quite high 

(Kendler et al., 1992, 2007; Levey et al., 2020; Wray et al., 2018), and 2) the relationship 

between internalizing and alcohol use traits could primarily result from the shared elements 

of internalizing disorders rather than any specific disorder’s unique components (Krueger, 

1999; Kushner et al., 2012). The overlapping genetic architecture between alcohol use traits 

and internalizing psychopathology has not been well characterized but could lead to a better 

understanding of their neurobiology and comorbidity of the two.

Of particular interest when evaluating the shared genetics of alcohol use and internalizing 

psychopathology is where in the genome and in which specific tissues shared 

biological mechanisms may exert effects. The shared genetic influences of internalizing 

psychopathology and problematic use have not been localized, but doing so could 

provide insight into the mechanisms of their comorbidity and the distinct relationships of 

internalizing traits with PAU versus consumption. This localization includes assessing how 

genome-wide relationships are partitioned among genes expressed within specific tissues or 

brain regions to identify key tissues or regions that contribute to their comorbidity, as well 

as identifying specific loci (SNPs and genomic regions) of traits’ shared genetic architecture. 

Recent methods have been developed to partition estimates of heritability and genetic 

covariance along functional annotations and linkage-disequilibrium (LD) blocks (Finucane 

et al., 2015, 2018; Zhang et al., 2020; Zhu et al., 2018). These partitioned estimates can be 

used to identify potentially pleiotropic regions of the genome and the specific brain regions 

involved, as well as facilitate functional follow-up studies (So et al., 2017), for example 

using animal models (Gusev et al., 2018; Meier et al., 2019; Schumann et al., 2016; Sekar 

et al., 2016; Y. Zhou et al., 2016) and for drug discovery (Fromer et al., 2016; Nelson 

et al., 2015; Okada et al., 2014). Relationships at the locus and tissue specific level have 

the potential to better characterize genetic relationships that may be over-simplified at the 

genome-wide level.

Here, we examine the shared genetic architecture of multiple aspects of alcohol use 

(PAU, quantity and frequency) and internalizing psychopathology. First, we evaluate genetic 

correlations at a genome-wide scale. Second, we analyze the genetic relationships between 

internalizing psychopathology and alcohol use phenotypes to specify a correlated four-factor 

model. Third, we localize genomic regions underlying the genetic relationships between 

these latent factors. Fourth, we apply partitioned genetic covariance analyses to identify 

specific functional categories involved.
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METHODS

Preregistration

We preregistered our analysis (https://osf.io/kuqgf). All preregistered analyses are reported 

in a publicly available pre-print (Colbert et al., 2020). After performing these preregistered 

analyses, we expanded the scope of the study to include new summary statistics and used a 

Genomic SEM framework. We additionally separated alcohol consumption into quantity and 

frequency measures. As a result, our methods deviated significantly to include latent genetic 

factors estimated in Genomic SEM. However, the general aim of the project—to compare 

the genetic architectures of alcohol use and internalizing psychopathology—remained the 

same. It should also be noted that in the preregistration we designated Bonferonni correction 

as our method of multiple testing correction; however, in these analyses we also used a False 

Discovery Rate multiple test correction to follow the procedure used in the original LD score 

regression (LDSC) method (Bulik-Sullivan et al., 2015).

Study samples and phenotypes

We utilized published, publicly-available summary statistics for depression, GAD, AUD, and 

drinks per week, and performed GWAS using the UK Biobank for individual AUDIT items 

and frequency of alcohol intake (Table 1 and S1). To reduce possible confounding from 

genetic stratification, all summary statistics were derived from analyses of individuals of 

European ancestry.

We drew internalizing psychopathology summary statistics from three independent studies: 

1) A meta-analysis of the published summary statistics of three studies that used DSM

based diagnoses of the five core anxiety disorders (GAD, panic disorder, social phobia, 

agoraphobia and specific phobia) to define cases (hereafter the ‘anxiety meta-analysis’ 

dataset) (Purves et al., 2019). 2) A GWAS of the Generalized Anxiety Disorder 2-item 

scale (GAD-2) using data from the Million Veteran Program (Levey et al., 2020) (hereafter 

‘GAD’). 3) A general depression meta-analysis GWAS from the PGC29 cohort and UK 

Biobank (Howard et al., 2019). We included both depression and anxiety phenotypes, 

including multiple anxiety case definitions, as there is strong evidence for a shared 

internalizing genetic factor between the two (Grotzinger et al., 2020; Gustavson et al., 2020; 

Krueger, 1999).

We included both PAU and alcohol consumption traits. First, we included the reported 

number of alcoholic drinks an individual consumed per week phenotype of the GWAS 

& Sequencing Consortium of Alcohol and Nicotine (GSCAN) (Liu et al., 2019). We 

included GWAS summary statistics of alcohol dependence (H. Zhou et al., 2019) defined 

by either clinician ratings, semi-structured interviews, or at least one inpatient or two 

outpatient alcohol-related ICD-9/10 codes. We used individual level AUDIT items to 

reduce the possibility of any single item disproportionately affecting composite score, 

following Mallard et al. (2020). AUDIT items 1-3 are considered to be components of 

alcohol consumption, while AUDIT items 4-10 are treated as PAU measures. In addition 

to these individual AUDIT items, we also generated GWAS summary statistics for a 

separate measure of frequency of alcohol intake in the UK Biobank (Table 1). For all UK 
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Biobank traits, we limited our sample to only current drinkers, to reduce misreporting and 

longitudinal bias. We excluded AUDIT items 6 and 9 as they both had low SNP-heritabilities 

(Table S2), similar to Mallard, Savage, et al. (2020).

Analyses

Univariate GWAS—We performed GWASs for individual AUDIT items and alcohol 

intake frequency in the UK Biobank samples using BOLT-LMM (Loh et al., 2015, 2018). 

To avoid longitudinal bias, we used the UK Biobank drinker status (field ID 20117) to 

subset our sample to only include current drinkers. Briefly, GWASs were conducted using 

imputed dosages on individuals of European ancestry based on scores from the first 4 

genomic principal components (PCs); SNPs with MAF < 0.001 and INFO score < 0.9 

were excluded from analyses. We included as covariates age at time of assessment (field 

21003), age-squared, sex (field 31), Townsend Deprivation Index (hereafter, deprivation, 

field 189), educational attainment (“qualification”, categorical, field 6138), genotyping batch 

(field 22000), assessment center (field 54), and the first 10 genetic principal components. 

Principal components were estimated with flashpca (Abraham & Inouye, 2014) applied to 

MAF- and LD-pruned array markers (plink2 (Chang et al., 2015) command: --maf 0.01 

–hwe 1e-8 –indep-pairwise 50 5 0.2), which also (using the same quality control, but 

without LD-pruning) were used in BOLT-LMM to control for relatedness. We included 

tbe socioeconomic status (SES) measures of deprivation and educational attainment as 

covariates because we were primarily interested in genetic effects that act on alcohol use 

or internalizing traits directly, rather than loci whose effects on these traits are mediated by 

direct effects on SES variables (Marees et al., 2021). However, we explored the influence of 

removing these covariates in a sensitivity analysis, described below.

Genome-Wide Genetic Correlations—We used LDSC (Bulik-Sullivan et al., 2015) 

to estimate genome-wide genetic correlations (rg) among all pairs of alcohol use and 

internalizing psychopathology summary statistics. Significance of genetic correlations was 

determined using FDR < 5%.

Genomic structural equation modeling and Multivariate GWAS—We modeled the 

genetic correlation matrix using a confirmatory factor analysis with four latent factors based 

on prior knowledge of the alcohol and internalizing phenotypes (K. S. Kendler et al., 2012; 

Mallard, Savage, et al., 2020; Polimanti et al., 2019; Sanchez-Roige et al., 2019), as well 

as the patterns identified in the genetic correlation matrix. We chose to use confirmatory 

factor analysis, as opposed to exploratory factor analysis, to validate our model because 

of these previous studies supporting this factor structure. The first factor was defined by 

internalizing phenotypes: depression, GAD and the anxiety meta-analysis. The next three 

factors corresponded to the distinct blocks of alcohol use phenotypes we observed in 

our genome-wide genetic correlation analyses: PAU: AUD and AUDIT items 4, 5, 7, 8, 

and 10; quantity: AUDIT items 2, 3, and drinks per week; and frequency: AUDIT item 

1 and alcohol intake frequency. We performed factor analysis in Genomic SEM of this 

four-factor model. We subsequently assessed fit of three- and two-factor solutions, in which 

we consolidated frequency and quantity into a consumption factor, and all alcohol use into 

a single factor, respectively. We assessed model fit with the following statistics: χ2, Akaike 
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information criterion (AIC), comparative fit index (CFI), standardized root mean square 

residual (SRMR). With large sample sizes such as those typically used with Genomic SEM, 

the χ2 is typically significant, but CFI > 0.95 and SRMR < 0.08 indicate good fit. Lower 

values of AIC indicate better it when comparing models, and χ2 difference tests can be used 

to compare nested models (Hu & Bentler, 1998).

We next performed a multivariate GWAS within Genomic SEM by incorporating SNP 

effects into the model (Figure S1A). We then estimated the QSNP heterogeneity index 

(Grotzinger et al., 2019) for each SNP and factor by constructing models in which each SNP 

predicted three of the factors and the remaining factor’s individual indicators (Figure S1B). 

Significant QSNPs (p<5e-8), indicating the SNP does not operate solely via the factor, were 

removed from the latent factor summary statistics used in follow-up analyses as they are 

not representative of the broader factor. Resulting GWAS summary statistics were uploaded 

to FUMA, where we identified significant independent lead SNPs and loci using default 

parameters (Watanabe et al., 2017). We then estimated the effective sample size for each 

latent factor (Mallard, Linnér, et al., 2020) (Table S3).

Latent Causal Variable—We used latent causal variable analysis (O’Connor & Price, 

2018) to test for partial or full genetic causality between factors. While latent causal variable 

analysis cannot detect simultaneous bidirectional causal relationships, it is less biased 

by horizontal pleiotropy and sample overlap than traditional Mendelian randomization 

(MR) methods. Latent causal variable analysis also has the added advantage that while 

methods such as generalized summary data-based MR (GSMR (Zhu et al., 2018)) only 

use “top” variants as instruments (SNPs with significant associations with both traits) and 

thus depend on a large number of genome-wide significant SNPs, latent causal variable 

analysis uses complete genome-wide data. We did not perform latent causal variable analysis 

between traits with non-significant genetic covariance (internalizing psychopathology and 

frequency), as recommended by O’Connor and Price (2018). As an exploratory follow-up, 

we tested causality using the top ten independent SNPs for each factor in inverse-variance 

weighted (IVW) MR analysis (Hemani et al., 2018), to see if restricting to top SNPs, rather 

than using whole genome data, might reduce noise and increase power.

Local Genetic Covariance—Next, we identified specific regions of the genome with 

local genetic covariances between the four latent factors using SUPERGNOVA, which is 

robust to sample overlap (Zhang et al., 2020). We estimated local genetic covariances in a 

total of 1,852 approximately independent LD genomic regions in which there were sufficient 

numbers of SNPs with GWAS summary statistics. To correct for the number of factor pairs 

and number of regions tested, we applied a Bonferroni-corrected significance threshold of 

p<0.05/(6 factor pairs x 1852 regions)<4.5x10−6.

Partitioned Genetic Covariance—Finally, we stratified the genetic covariance between 

pairs of latent factors into functional categories using GNOVA (Lu, Li, et al., 2017). 

First, we stratified the covariance by broad tissue type: brain, cardiovascular, epithelium, 

gastrointestinal, immune, muscular, and other from GenoSkyline-Plus annotations (Lu, 

Powles, et al., 2017); next, we stratified among annotations of brain region-specific 

expression derived from GTEx v6 (Lonsdale et al., 2013) using annotations from Finucane 
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et al. (Finucane et al., 2018). Sample overlap correction, implemented within GNOVA, was 

used on the six factor pairs, as all have substantial sample overlap. We applied Bonferroni 

correction for 42 tests in the tissue analysis and 78 tests in the brain analysis, resulting in 

significance thresholds of ptissue<1.19x10−3 and pbrain<6.4x10−4.

SES Sensitivity Analyses—SES measures impact alcohol use and internalizing 

phenotypes, and are influenced themselves by genetic factors (Braucht, 1983; J. J. Lee 

et al., 2018; Marees et al., 2020, 2021). Because our focus is primarily on genetic 

effects on these phenotypes themselves, rather than genetic influences on SES measures 

that may impact alcohol use or internalizing traits, our primary analysis included SES 

measures (deprivation and educational attainment) as covariates. Following these analyses, 

we performed a sensitivity analysis by conducting GWASs of AUDIT items and depression 

and anxiety within the UK Biobank in which we did not control for deprivation and 

educational attainment. We identified DSM-V-like major depressive disorder and GAD cases 

within the UK Biobank using DSM-V criteria. We were not able to test the influence of 

SES covariates on traits from previously published GWAS summary statistics. We estimated 

genetic correlations and a similar Genomic SEM confirmatory factor analysis using these 

GWAS summary statistics and compared the genetic correlations and factor loadings to 

assess the influence SES GWAS covariates have on our results and conclusions.

RESULTS

Genome-Wide Genetic Correlations

We observed significant, positive genome-wide LDSC-based genetic correlations between 

all pairs of three internalizing psychopathology phenotypes, and, separately, between all 

pairs of 11 alcohol use traits (Figure 1 and Table S4). Among pairs of alcohol use traits, 

items related to PAU, frequency and quantity were somewhat differentiated. PAU-related 

items (AUD and AUDIT items 4, 5, 7, 8, and 10) were all strongly correlated with one 

another (rg=0.57-1.10). Consumption-related items (drinks per week, AUDIT items 1-3, 

and intake frequency), were strongly positively genetically correlated (rg=0.60-0.97). In 

general, genetic correlations of PAU items were stronger with quantity measures (drinks per 

week, AUDIT items 2-3) than frequency measures (AUDIT item 1 and intake frequency), 

suggesting a differentiation between quantity and frequency measures and three alcohol use 

trait groupings.

PAU, quantity, and frequency traits were differentially genetically correlated with 

internalizing phenotypes (Figure 1). Internalizing phenotypes had moderately positive 

genetic correlations with PAU traits (rg=0.25-0.50), but weak and only sometimes significant 

positive correlations with quantity items (rg=0.02-0.21). In contrast, the internalizing 

phenotypes were either uncorrelated or weakly negatively genetically correlated with 

frequency phenotypes.

Genomic structural equation modeling of internalizing disorders and alcohol use

The four-factor confirmatory factor analysis model using Genomic SEM fit the data well 

(χ2(71)=638.155; AIC=706.155; CFI=0.9741; SRMR=0.081). Results indicated strong, 
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significant loadings of all individual indicators, as well as significant correlations between 

several pairs of latent factors (Figure 2). Unsurprisingly, all alcohol use factors correlated 

strongly with each other (rg=0.60-0.82), with the weakest genetic correlation between PAU 

and Frequency (rg=0.60, SE = 0.04, p = 8.59x10−52). The Internalizing Psychopathology 

factor was correlated with PAU (rg=0.48, SE = 0.04, p = 1.28x10−39), but only weakly with 

Quantity (rg=0.09, SE = 0.03, p = 3.54x10−4) and Frequency (rg=−0.06, SE = 0.03, p = 

2.02x10−2).

We compared this model to a three-factor model (Figure S2; χ2(74)=1240.436; 

AIC=1302.436; CFI=0.9459; SRMR=0.091) and a two-factor model (Figure S3; 

χ2(76)=2074.206; AIC=2132.206; CFI=0.9073; SRMR=0.1670) in which the alcohol 

factors were collapsed. Both fit significantly worse than the four-factor model according 

to both chi-square difference tests and other fit metrics. Better fit of the four-factor model 

indicates that partitioning measures of alcohol use by PAU, frequency, and quantity better 

models the genetics of alcohol use than either not partitioning at all (Figure S3) or only 

partitioning into PAU and consumption factors (Figure S2).

Inclusion of SES variables as covariates in the GWAS did not noticeably impact the 

correlations or the factor structure, and loadings remained nearly identical (Figures S4-5). 

Therefore, below we present analyses which use the SES-controlled GWASs as they 

represent more trait-specific measures of genetic variance (Marees et al., 2021).

Multivariate GWAS of internalizing disorders and alcohol use

We observed no loci with heterogeneous effects for the Internalizing Psychopathology and 

PAU factors (all QSNP p>5e-8). We identified two significant independent QSNP loci (each 

containing one independent lead SNP per locus) for the Frequency factor (Table S5) and 

six independent lead SNPs in 4 independent QSNP loci for the Quantity factor (Table S6). 

We removed these SNPs from subsequent analyses. We identified 76 independent lead SNPs 

in 63 independent genomic loci for Internalizing Psychopathology (Figure S6A, Table S7), 

22 independent lead SNPs in 20 genomic risk loci for PAU (Figure S6B, Table S8), 40 

independent lead SNPs in 33 genomic risk loci for Quantity (Figure S6C, Table S9), and 46 

independent lead SNPs in 40 genomic risk loci for Frequency (Figure S6D, Table S10).

Latent Causal Variable

Using the latent causal variable method, we did not detect a genetically causal relationship, 

either full or partial, in either direction, between any factors (Table S11). Results of 

exploratory follow-up analysis using IVW MR were similar and non-significant.

Local Genetic Covariance

Among all factor pairs, we identified a total of 90 significant (p<4.5x10−6) local genetic 

covariance estimates between pairs of factors across 58 independent genomic loci out of 

1852 throughout the genome (Tables S12-17). Of the significant covariances, 42 were 

between pairs of alcohol use factors (Figure S7, Tables S15-17).
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We identified 28 regions with significant local genetic covariances between Internalizing 

Psychopathology and alcohol use factors (Figure 3, Tables S12-14). Fourteen genomic 

regions showed significant positive local genetic covariance between the PAU and 

Internalizing Psychopathology factors (Figure 3A-B, Table S12), 10 of which showed no 

significant genetic covariance between the Internalizing factor and Quantity or Frequency 

(Figure 3C-D, Table S13-14). We identified a total of eight and six regions with significant 

covariances between the Internalizing factor and Quantity and Frequency, respectively.

Consistent with the strong positive genome-wide genetic correlation between Internalizing 

Psychopathology and PAU, we observed mostly positive local genetic covariances, 

identifying only one region (chr9:125,545,194–126,926,376) of negative genetic covariance 

(Figure 3A-B, Table S12). In contrast, identified regions between alcohol consumption 

factors and Internalizing Psychopathology contained both positive and negative covariances 

(two of eight and two of six were negative for Quantity and Frequency, respectively; 

Figure 3C-D, Tables S13-14), indicating that the direction of effect of this relationship was 

more variable (positive or negative) throughout the genome than that of the Internalizing 

factor-PAU relationship. Only one region (chr11:113,105,405–113,958,177) had statistically 

significant (and positive) local covariance for all pairs of Internalizing Psychopathology and 

alcohol use factors (Figure 3).

Genetic Covariance Stratified by Functional Annotations

For most tissues, the genetic covariance among pairs of factors partitioned by genes 

specifically expressed within those tissues was not significant (Table S18). However, genetic 

covariance annotated to genes specifically expressed within the brain was positive among 

pairs of alcohol use factors, as was genetic covariance of quantity and frequency at loci 

annotated to immune tissue specific expression (p<0.00119; Figure S8, Table S18). We 

found no significant tissue-specific genetic covariance between any pairs of internalizing 

psychopathology and alcohol use factors (Figure S8, Table S18).

We found significant (p<0.00064), positive genetic covariance due to variants in genes 

specifically expressed in individual brain regions across all brain region annotations for 

pairs of alcohol use factors (Figure 4, Table S19). Interestingly, while the genetic covariance 

between internalizing psychopathology and PAU was not significant in the overall brain 

tissue annotation (Figure S8, Table S18), there was significant positive genetic covariance 

of internalizing psychopathology and PAU among all specific brain region annotations 

(all p<0.00064; Figure 4, Table S19), suggesting that nuanced differences in brain region 

expression are lost when brain tissue is treated as homogeneous. We found no significant 

genetic covariance in specific brain regions amongst pairs of internalizing psychopathology 

and quantity or frequency (Figure 4, Table S19).

DISCUSSION

We characterized the shared genetic architecture of internalizing psychopathology and 

alcohol use phenotypes, differentiating between problematic use and consumption, using 

multivariate analysis of four correlated latent factors. While problematic use showed 

a strong, positive genome-wide genetic correlation with internalizing psychopathology, 
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quantity and frequency largely did not. At a genome-wide level, this pattern is consistent 

with previous reports (Sanchez-Roige et al., 2019; H. Zhou et al., 2020) and supports 

the hypothesis that alleles that increase genetic risk of internalizing psychopathology also 

increase risk of PAU, but not necessarily other aspects of alcohol use.

At the tissue level, analyses of partitioned genetic covariance demonstrated further 

evidence of distinct relationships of internalizing psychopathology with PAU and alcohol 

consumption. Our analyses revealed significant covariances across all 13 specific brain 

region annotations between the internalizing psychopathology and PAU factor, but not 

internalizing psychopathology and alcohol consumption. Notably, the covariance between 

internalizing psychopathology and PAU is not concentrated across any broad tissue 

categories, including the overall brain annotation. Gene expression among specific brain 

regions can vary greatly, and therefore a “whole brain” annotation aggregating all regions 

together may not be representative of important region-specific effects (Lonsdale et al., 

2013). We also consider that the comparability of these annotations is limited, as the 

whole brain tissue annotation was derived from GenoSkyline and the specific brain 

tissue annotations were derived from GTEx. While all individual brain regions examined 

contributed to the PAU-Internalizing Psychopathology genetic covariance, we are currently 

unable to identify which among these may be particularly influential. We expect that 

growing reference panels of expression data (e.g., GTEx (Lonsdale et al., 2013) and 

PsychENCODE (Akbarian et al., 2015)) will improve the resolution of such analyses in 

the future. Our results concur with prior reports of individual brain regions contributing to 

both internalizing psychopathology and alcohol use (Becker et al., 2017; Gilpin et al., 2015; 

Hägele et al., 2015; Neupane, 2016; Ray et al., 2018), while adding evidence that these 

relationships could be unique to PAU.

While significant genome-wide and brain-specific genetic covariance of internalizing 

psychopathology with alcohol use were found only with PAU and not consumption, at 

the individual genomic region level we found significant local genetic covariances of 

internalizing psychopathology with all three alcohol use factors, though the specific regions 

of covariance and their directions of effect differed among alcohol use factors. This local 

genomic region scale of analysis localized differences that may underlie the distinct genetic 

relationships between internalizing psychopathology and the different dimensions of alcohol 

use. It also highlights the fact that fine-scale analyses can clarify complex relationships 

between traits, even if traits show no genome-wide correlation. Our analyses cannot 

distinguish between direct pleiotropic effects of loci on both traits, whether the causal effect 

of a locus on one trait is mediated by effects on the other, or if a region represents physically 

linked loci with separate direct effects. However, these findings do suggest specific regions 

and genes for functional follow-up analyses, for example, internalizing psychopathology 

was significantly negatively correlated with both quantity and frequency, but not PAU, 

within a chromosome 3 locus (85,093,629–86,734,415) which only contains one protein 

coding gene, CADM2 (cell adhesion molecule 2), signifying that CADM2 may influence 

internalizing psychopathology and alcohol consumption, but in different directions. CADM2 
has been associated with various behavioral traits (Day et al., 2016; Ibrahim-Verbaas et 

al., 2016; Karlsson Linnér et al., 2019; Morris et al., 2019) including alcohol consumption 

(Clarke et al., 2017; Sanchez-Roige et al., 2019), however not with PAU (Kranzler et al., 
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2019; Sanchez-Roige et al., 2019; Walters et al., 2018; H. Zhou et al., 2020), consistent 

with our results. Internalizing psychopathology was also significantly negatively correlated 

with frequency at a chromosome 18 locus (52,709,949-53,763,665) and the only protein 

coding gene in this region, DCC (Deleted in Colorectal Carcinoma gene), is implicated in 

a variety of cognitive (Reynolds et al., 2018; Savage et al., 2018) and psychiatric traits (P. 

H. Lee et al., 2019; Manitt et al., 2013; Turley et al., 2018; Wray et al., 2018). Therefore, 

genetic components in this region, and possibly the DCC gene, might be implicated in the 

puzzling negative genetic relationship observed between internalizing psychopathology and 

frequency.

A locus at chr11:113,105,405–113,958,177 was the only region to show significant positive 

covariances between internalizing psychopathology and all three alcohol use factors. 

This locus contains variants associated with worry and neuroticism (Nagel et al., 2018), 

depression (Wray et al., 2018), PAU (H. Zhou et al., 2019), and AUDIT scores (Sanchez

Roige et al., 2019). Within this locus is DRD2, a gene which researchers hypothesize may 

moderate stress-induced ethanol consumption in mice (Chuang et al., 2020; Delis et al., 

2013). Substances such as alcohol produce surges of the neurotransmitter dopamine, causing 

changes in neural connectivity that reinforce and reward the repeated use of the substance 

(Spanagel & Weiss, 1999). In addition to DRD2, this region also houses the genes NCAM1 
(Neural Cell Adhesion Molecule 1), TTC12 (Tetratricopeptide Repeat Domain 12) and 

ANKK1 (Ankyrin Repeat And Kinase Domain Containing 1). Together, these genes make 

up the NTAD gene cluster, which may contribute to various psychiatric disorders as well 

as the comorbidity of psychiatric disorders (Mota et al., 2015; Yang et al., 2008). Variants 

associated with the NTAD gene cluster may therefore represent key genetic risk factors 

between internalizing psychopathology and alcohol use.

Finally, we isolated nine loci with significant positive covariances between internalizing 

psychopathology and PAU, but not quantity or frequency, contributing to the distinct 

genome-wide genetic correlations between internalizing psychopathology and alcohol use 

traits. In particular, one region (chr1:71,822,765-74,326,378) contains NEGR1 (Neuronal 

growth regulator 1), a gene with a regulatory region containing genetic variants associated 

with depression (Turley et al., 2018; Wang et al., 2020; Wray et al., 2018), PAU (H. Zhou et 

al., 2020) and several other psychiatric disorders (P. H. Lee et al., 2019). NEGR1, as well as 

DRD2 and DCC, all play roles in neural development (Finci et al., 2015; Singh et al., 2018; 

Todd, 1992), hinting that genetic components involved in neural development processes may 

be important to the multivariate genetic architectures of internalizing psychopathology and 

alcohol use traits. As sample sizes increase, we expect power to detect pleiotropic loci and 

causal effects to also improve. Our conclusions are also restricted by the lack of diverse 

ancestry in available summary statistics; this limits the generalizability of these findings to 

populations of European ancestry. We emphasize here, however, that the magnitude of these 

local pleiotropic effects is small, consistent with the polygenic nature of these traits, and 

that as larger and more diverse samples become available, the local structure of pleiotropic 

effects throughout the genome will become clearer.

Direct causal relationships are hypothesized to explain the comorbidity of AUDs and alcohol 

consumption with internalizing disorders, including self-medication and substance-induced 
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anxiety or depression (Castillo-Carniglia et al., 2019; Polimanti et al., 2019; Stewart & 

Conrod, 2007). For example, some individuals with anxiety or depression use alcohol to 

alleviate symptoms that subsequently lead to AUDs, while in other cases, withdrawal after 

alcohol use leads to symptoms of depression and anxiety. These processes are not mutually 

exclusive and can lead to a self-reinforcing loop (i.e., through simultaneous bi-directional 

causal paths Smith & Randall, 2012). Risk factors for both AUDs and internalizing disorders 

include genetic and environmental causes. Our results revealed much stronger and positive 

genome-wide and local genetic covariances of internalizing psychopathology with PAU 

compared to consumption. This finding confirms that genetic variation contributes to 

the differential relationships between consumption and PAU and their relationships with 

internalizing traits, and hints at distinct causal relationships. However, our MR and latent 

causal variable analyses did not identify full or partial causality among any pairs of traits, 

including consumption metrics and PAU. LCV is conservative and limited in detecting 

simultaneous bi-directional causality (O’Connor & Price, 2018); therefore, we cannot rule 

out causal genetic relationships between these factors, and larger sample sizes may be 

needed for more powerful tests (Zhu et al., 2018) of causality.

While we cannot conclude with confidence causal relationships from these analyses, 

measures of consumption like quantity and frequency ultimately contribute to PAU, as 

PAU is unlikely to occur without heavy alcohol use. However, heavy use may not always 

lead to PAU, and should be interpreted within the context of cultural norms. Individuals 

demonstrating higher levels of these consumption behaviors may be perfectly in line with 

normative drinking and may not develop AUDs, or they may be drinking in contexts 

that are protective against disordered drinking. For example, having a glass of wine with 

dinner every night is not considered abnormal in western culture, and while this behavior 

would result in high frequency of drinking, it is not alone indicative of problematic alcohol 

use. Similarly, loneliness is positively genetically correlated with depression and alcohol 

dependence, but negatively genetically correlated with alcohol consumption (Abdellaoui et 

al., 2019), while increased participation in sports or social clubs is positively genetically 

correlated with alcohol intake (Day et al., 2018). In this context, we interpret the weak 

or null genome-wide and both positive and negative local genetic covariances between 

internalizing disorders and consumption as reflecting multiple, relationships of internalizing 

disorders with both normative and disordered drinking. On the contrary, the stronger and 

positive genome-wide and local genetic covariances of internalizing disorders and PAU 

reflect a stronger, potentially causal relationship among the disorders.

In summary, we identified shared genetic factors of internalizing psychopathology and 

alcohol use, distinguishing among PAU, quantity, and frequency, while also presenting a 

framework for examining comorbid relationships at multiple scales, from genome-wide 

patterns to functional annotations to individual genomic loci. The genetic components 

shared between internalizing psychopathology and PAU and internalizing psychopathology 

and alcohol consumption factors are separable at all of these scales. Future work will further 

evaluate directionality of causation in the alcohol-internalizing relationship and focus on 

functional characterization of identified genomic loci.
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Figure 1. Genome-wide genetic correlations (and standard errors) amongst 14 traits using 
LDSC.
Asterisks indicate significant (FDR<5%) genetic correlations. See Table S4 for complete 

numerical results.

Colbert et al. Page 21

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2022 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Genetic Relationships between internalizing disorders and alcohol use phenotypes.
Path diagram of the final model structure. Parameter estimates are standardized with 

standard errors in parentheses. Dashed lines represent non-significant parameter estimates 

(p>0.05). Unit variance identification was used to present the model without SNP effects. 

Generalized anxiety disorder (GAD), alcohol use disorder (AUD), drinks per week (DPW).
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Figure 3. Local genetic covariances between internalizing psychopathology and alcohol use 
factors.
(A) Number of specific genomic regions with significant local genetic covariance between 

internalizing psychopathology and alcohol use traits. Intersect size indicates the number 

of correlated loci which overlap among pairs of internalizing psychopathology (IP) and 

alcohol use traits. Pairs are also separated to show positive and negative covariances. Colors 

represent the three alcohol use factors: problematic alcohol use (PAU; red), quantity of 

alcohol consumption (ACQ; light blue) and frequency of alcohol consumption (ACF; dark 

blue). (B-D) Manhattan-style plots showing local genetic covariance estimates between (B) 

internalizing psychopathology and PAU, (C) internalizing psychopathology and quantity 

of alcohol consumption, (D) internalizing psychopathology and frequency of alcohol 

consumption. Red, light blue and dark blue points indicate genomic regions with significant 

local genetic covariances between internalizing psychopathology and PAU, internalizing 

psychopathology and quantity of alcohol consumption and internalizing psychopathology 

and frequency of alcohol consumption, respectively. A p-value of 4.5x10−6 was used to 

determine significance.
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Figure 4. Estimates of genetic covariance in specific brain regions.
Bars show 95% confidence intervals. Colors represent different pairs of the four factors: 

Internalizing-Problem Use (red: internalizing psychopathology and problematic alcohol 

use), Internalizing-Quantity (ochre: internalizing psychopathology and quantity of alcohol 

consumption), Internalizing-Frequency (green: internalizing psychopathology and frequency 

of alcohol consumption), Problem Use-Quantity (light blue: problematic alcohol use and 

quantity of alcohol consumption), Problem Use -Frequency (blue: problematic alcohol 

use and frequency of alcohol consumption), Quantity-Frequency (pink: quantity of 

alcohol consumption and frequency of alcohol consumption). Asterisks indicate significant 

(p<0.00064) stratified genetic covariance estimates.
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Table 1.

Description of univariate genome-wide association summary statistics. Full descriptions of the AUDIT items 

are available in Supplemental Table 1. SNP-h2 was calculated using LDSC.

Phenotype Item Descriptor (if
applicable) Source N SNP-h2 SNP-h2

SE
SNP-h2 Z-
score

Depression PGC + UKB (Howard et al., 
2019) 500,199 0.053 0.0022 24.273

Generalized Anxiety Disorder MVP (Levey et al., 2020) 175,163 0.047 0.0037 12.730

Anxiety meta-analysis ANGST + UKB + iPSYCH 
(Purves et al., 2019) 114,091 0.069 0.0051 13.471

Alcohol Use Disorder MVP + PGC (Zhou et al., 
2020) 313,963 0.077 0.0049 15.673

AUDIT item 1 Frequency of drinking UKB 148,222 0.057 0.0045 12.711

AUDIT item 2 How many drinks UKB 141,749 0.040 0.0040 10.100

AUDIT item 3 6+ drinks UKB 142,034 0.049 0.0039 12.462

AUDIT item 4 Not able to stop UKB 84,621 0.023 0.0047 4.787

AUDIT item 5 Failed expectations UKB 84,737 0.016 0.0049 3.163

AUDIT item 7 Guilt/remorse UKB 84,675 0.030 0.0053 5.698

AUDIT item 8 Blackout UKB 84,708 0.029 0.0055 5.218

AUDIT item 10 Friend/family 
concerned UKB 148,185 0.020 0.0029 6.897

Drinks per week GSCAN (Liu et al., 2019) 537,349 0.045 0.0021 21.476

Alcohol intake frequency UKB 462,016 0.054 0.0026 20.577
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