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Abstract

Anorexia nervosa (AN) and obsessive-compulsive disorder (OCD) are often comorbid and likely 

to share genetic risk factors. Hence, we examine their shared genetic background using a cross-

disorder GWAS meta-analysis of 3,495 AN cases, 2,688 OCD cases and 18,013 controls. We 

confirmed a high genetic correlation between AN and OCD (rg = 0.49 ± 0.13, p = 9.07×10−7) and 

a sizable SNP heritability (SNP h2 = 0.21 ± 0.02) for the cross-disorder phenotype. Although no 

individual loci reached genome-wide significance, the cross-disorder phenotype showed strong 

positive genetic correlations with other psychiatric phenotypes (e.g., rg = 0.36 with bipolar 
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disorder and 0.34 with neuroticism) and negative correlations with metabolic phenotypes (e.g., rg 

= −0.25 with BMI and −0.20 with triglycerides). Follow-up analyses revealed that although AN 

and OCD overlap heavily in their shared risk with other psychiatric phenotypes, the relationship 

with metabolic and anthropometric traits is markedly stronger for AN than for OCD. We further 

tested whether shared genetic risk for AN/OCD was associated with particular tissue or cell-type 

gene expression patterns and found that the basal ganglia and medium spiny neurons were most 

enriched for AN/OCD risk, consistent with neurobiological findings for both disorders. Our results 

confirm and extend genetic epidemiological findings of shared risk between AN and OCD and 

suggest that larger GWASs are warranted.

Keywords

anorexia nervosa; obsessive-compulsive disorder; GWAS; genetic; SNP; heritability; meta-analysis

INTRODUCTION

Anorexia nervosa (AN) and obsessive-compulsive disorder (OCD) are heritable 

neuropsychiatric disorders with complex genetic etiologies.1–3 A wealth of genetic 

epidemiological findings supports associations between AN and OCD, suggesting the 

possibility of shared genetic risk factors. For example, ~20-50% of individuals with AN 

have a lifetime history of OCD4–6 and ~5-10% of patients with OCD have a lifetime history 

of AN,7–10 well above their population prevalences (OCD: ~2%,11 AN: ~1%12). In addition, 

first-degree relatives of AN probands have an approximately 3-5 fold elevated risk of OCD 

compared with relatives of healthy controls,13–16 further highlighting a potential genetic link 

between these disorders.

Recent genome-wide association studies (GWAS) of AN17–19 and OCD20–22 have provided 

important clues regarding the highly polygenic architecture of these two disorders. The 

largest AN GWAS published to date included 3,495 cases and 10,982 controls as part of the 

Eating Disorders Working Group of the Psychiatric Genomics Consortium (PGC-ED). In 

addition to the identification of the first genome-wide significant variant associated with AN 

risk, significant genetic correlations for AN with multiple psychiatric, neurocognitive, and 

metabolic phenotypes were also reported.19 Although there were no genome-wide 

significant variants identified in the OCD GWAS meta-analysis (2,688 cases and 7,037 

controls), polygenic risk scores calculated in part of the sample significantly predicted OCD 

status in the remaining samples.22 A recent study using a subset of the GWAS data17, 20 

reported a strong genetic correlation (rg) between AN and OCD (rg = 0.55, P = 2 ×10−5)23. 

This result mirrored the epidemiological findings summarized above as well as bivariate 

twin models that revealed a significant genetic overlap between self-reported OCD and AN 

(ra = 0.52).13

Taken together, the available clinical, epidemiological and genetic results strongly point 

toward a shared etiology for AN and OCD, but our knowledge of the nature of this shared 

risk is limited. Thus, the aim of this study was to examine the cross-disorder genetic 

architecture of AN and OCD to gain a better understanding of their shared genetic etiology.
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MATERIALS AND METHODS

Datasets

The genetic data for this study came from the summary statistics of the largest and most 

recently published GWAS for AN19 and OCD.22 There was no sample overlap between 

these studies according to SNP-based relatedness testing. Estimates of pair-wise identity-by-

descent (IBD) were calculated with LD-pruned sets of SNPs using PLINK and no pair of 

samples with pi-hat >0.1 were identified. For AN, we used data from a GWAS of 3,495 

cases and 10,982 controls. For OCD, we used data derived from a similar recently published 

GWAS of 2,688 OCD cases and 7,031 controls. All participants were of European ancestry. 

Using these datasets, we conducted a meta-analysis of 6,183 AN-OCD cases and 18,013 

controls. Although records regarding comorbidities are incomplete, and exist for 

approximately 50% of the OCD and 35% of the AN sample, we have identified 101 definite 

and 24 probable cases of AN among the OCD sample and 447 AN cases with self-reported 

OCD diagnoses. More information about these datasets can be found in the Supplementary 

Information.

AN-OCD Cross-Disorder GWAS Meta-Analysis

As a part of the pre-processing step prior to meta-analysis, we identified all variants for 

which post-imputation dosage information was available to a sufficient degree and at an 

adequate level of quality at the call level in both datasets. To do this, we identified SNPs that 

met the following criteria for each dataset: (1) minor allele frequency (MAF) > 0.01; (2) 

imputation quality (INFO) score > 0.6; (3) ≥60% of cases and controls from the overall 

meta-analysis per trait available for each variant; and (4) not an A/T or G/C variant with 

frequencies between 0.4-0.6. A total of 90.0% (9,586,433 of 10,641,224) of the variants in 

the AN dataset and 91.6% (7,707,306 of 8,410,839) of the variants in the OCD dataset met 

these criteria. Following additional pre-processing of the summary statistics files 

(Supplementary Information), we identified 7,461,827 variants which were present in both 

datasets.

The meta-analysis used the Ricopili pipeline (https://sites.google.com/a/broadinstitute.org/

ricopili), which is the standard analysis pipeline for the Psychiatric Genomics Consortium 

(PGC). This pipeline utilizes METAL24 and takes into account sample sizes as well as 

strength in direction of effect in each separate dataset (inverse-variance weighted meta-

analysis using a fixed-effects model). The meta-analysis summary statistics are available on 

the PGC website (http://www.med.unc.edu/pgc/results-and-downloads).

AN and OCD heritability, intercept and genetic correlation estimates

We used linkage disequilibrium (LD) score regression25 to evaluate the relative contribution 

of polygenic effects and confounding factors (e.g., cryptic relatedness or population 

stratification) to deviation from the null in the genome-wide distribution of GWAS χ2 

statistics. Analysis was performed using pre-computed LD scores from European-ancestry 

samples in the HapMap phase 3 project. To estimate the impact of confounding factors, we 

evaluated the deviation of the LD score intercept from one, the expected value for a GWAS 

showing no sign of population stratification. LD score regression was also used to estimate 
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SNP heritability.25 For AN, OCD, and AN-OCD cross-disorder phenotypes, we estimated 

liability-based heritability using population prevalence estimates of 0.9%, 2.5% and 3%, 

respectively. We also computed the genetic correlation between AN and OCD in order to 

determine whether the correlation is consistent with the previously reported high correlation 

between the two disorders.23

Genetic Correlation of AN-OCD Single and Cross-Disorder Phenotypes with Other Traits

The summary statistics files from AN, OCD, and AN/OCD cross-disorder analyses were 

uploaded to LD Hub server (v1.4.1; http://ldsc.broadinstitute.org). For each summary 

statistic file, we computed pairwise genetic correlations with 231 datasets, each representing 

a particular GWAS phenotype.26 Subsequent exploratory analyses of the computed genetic 

correlations were then carried out, with the goal of describing consistent and unique 

pairwise correlations with other traits.

We first asked if there were traits that have significant correlations with the AN-OCD cross-

disorder data at a multiple testing-corrected level of significance. We applied a stringent 

Bonferroni correction based on a total of 231 × 3 = 693 separate tests performed, with a p-

value significance threshold of 7.2×10−5. We identified all single tests that passed this 

threshold, taking note of traits that did not meet the threshold in AN and OCD cohorts alone, 

but rather in the combined AN-OCD cohort. Second, we assessed the directionality of 

correlations between AN, OCD, and the tested traits, as well as identified traits where the 

correlations were in opposite directions. To analyze the concordance of correlation 

directions between AN and OCD, we constructed a sign test by stratifying traits into bins 

based on p-values (AN and OCD ≥ 0.05; AN or OCD < 0.05; AN or OCD < 1×10−3; AN or 

OCD < 1×10−5). For each bin, we counted the number of correlations which were in the 

same direction for AN and OCD, and binomial tests were performed under the null 

hypothesis that 50% of correlations should be in the same direction. We extracted traits for 

which: (1) AN or OCD had a correlation p-value that at least trended towards significance (p 
< 0.1); and (2) AN and OCD correlations had opposite signs. We hypothesized that the traits 

that came out of this exploration could potentially capture some of the genetic signal specific 

to each disorder rather than the cross-disorder shared risk.

Additionally, we performed tests to determine if there was evidence for sets of traits for 

which concordant correlations with AN and OCD were biased in magnitude towards one 

phenotype over the other. We identified 80 traits that had concordant direction of correlation 

between AN and OCD, as well as a correlation p-value < 0.05 in at least one of the two 

phenotypes. We binned these traits into categories as defined in LD Hub output and selected 

a subset of 10 categories for formal testing where we had at least three traits that fit the 

criteria above. For each category, we tested the null hypothesis that the number of traits 

where the magnitude of the correlation is greater in AN matches the number of traits where 

the magnitude is greater in OCD using a two-sided binomial test with an expected fraction 

of 0.5.
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Gene-based and pathway-based tests

We used MAGMA v1.0627 to conduct gene-based and pathway-based association tests on 

the AN-OCD cross-disorder genotype data. Association was tested using the SNP-wise 

mean model, in which the sum of −log(SNP p-value) for SNPs located within the transcribed 

region (defined using NCBI 37.3 gene definitions) was used as test statistic. Included 

variants had MAF > 0.01, and INFO scores > 0.8. All gene-based tests were performed on 

loci extending from 35kb upstream of transcription start site to 10kb downstream of the 

transcription end site. MAGMA accounts for gene-size, number of SNPs in a gene and LD 

between markers when estimating gene-based p-values. LD correction was based on 

estimates from the 1000 Genome phase 3 European ancestry samples. This yielded a total of 

18,279 gene-based tests, with a multiple-test-corrected significance level of 0.05/18,279 = 

2.74 × 10−6.

These gene-based p-values were used to analyze sets of genes in order to test for enrichment 

of association signals in genes belonging to specific biological pathways or processes. In the 

analysis, only genes on autosomes, and genes located outside the broad major 

histocompatibility complex (MHC) region (hg19:chr6:25-35Mb) were included. For gene 

sets we used sets with 10-1000 genes from the Gene Ontology sets curated from MsigDB 

6.0,28, 29 yielding a total of 17,081 separate pathway-based tests, with a multiple-test-

corrected significance threshold of 0.05/17,081 = 2.92 × 10−6.

Partitioned LD score regression

Heritability was partitioned into different genomic regions using LD score regression.25, 30 

LD score regression can estimate common SNPs heritability by regressing the χ2 

association statistics against the LD scores, which are defined as the sum of r2 for each SNP. 

Indeed, assuming polygenicity, SNPs in high LD should on average be more associated with 

the trait than SNPs in low LD because they are expected to be in linkage with more causal 

variants. The relationship between χ2 statistics and LD scores is directly dependent on the 

proportion of genetic variance of the trait, which allows to estimate heritability.

Partitioned LD score regression uses the same principle except that SNPs are partitioned into 

diverse functional categories. Indeed, if some categories are enriched in causal variants, the 

relationship between χ2 statistics and LD scores should be stronger than for categories with 

few causal variants, allowing to estimate heritability enrichment of diverse functional 

categories. We used the “baseline model” provided on the partitioned LD score regression 

website (https://github.com/bulik/ldsc/wiki/Partitioned-Heritability) to compute heritability 

enrichment for 28 functional categories.

Tissue and cell type association

We used MAGMA27 and partitioned LD score regression30 to look for association between 

tissue/cell type specificity in gene expression and gene-level genetic association with AN-

OCD. The methods for these analyses were extensively described elsewhere.31 Briefly, for 

tissue level expression, we downloaded the median RPKM across individuals (V6p) from the 

GTEx portal (https://www.gtexportal.org). For the single cell RNA-seq, we examined single 

cell RNA-seq data from 9,970 single cells coming from five different mouse brain regions 
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(cortex, hippocampus, striatum, midbrain and hypothalamus) allowing the identification of 

24 different brain cell types. The prototypical expression of each cell type was obtained by 

averaging gene expression levels for all cells classified in each of the 24 cell types. We then 

obtained a measure of specificity for each gene and each cell type/tissue by dividing the 

expression of each gene in each cell type/tissue by the total expression of the gene.

For MAGMA, we binned the specificity measure for each cell type into 41 bins (0 for genes 

not expressed, 1 for genes below the 2.5% quantile in specificity, …, 40 for genes between 

the 97.5% quantile in specificity and the 100% quantile). We then tested for a positive 

relationship between the specificity bins in each cell type/tissue and the gene-level genetic 

association of each gene (-10kb upstream to 1.5kb downstream). For LD score regression, 

we binned the specificity measure into 11 bins for each cell type (0 for genes not expressed, 

10 for genes between the 90% quantile and the 100% quantile) and tested whether genomic 

regions around genes (-10kb downstream to +1.5 kb upstream) in the top 10% most specific 

genes for each cell type/tissue were enriched for AN-OCD cross-disorder heritability.

RESULTS

Cross-Disorder Meta-Analysis

The AN-OCD meta-analysis included 6,183 cases, 18,031 controls, and 7,461,827 variants. 

As shown in the quantile-quantile (QQ) plot (Figure 1a), the genomic inflation factor (λ1000) 

of 1.010 indicates no signs of excessive inflation. Inflation statistics from individual AN19 

and OCD22 datasets appear similarly well controlled (λ1000 values of 1.011 and 1.009 

respectively). As shown in the Manhattan plot in Figure 1b, no variants reached genome-

wide significance and 30 loci had a lead SNP with p < 10−5. The most significant peaks 

were located near genes CXCR4 (chr2), KIT (chr4), the MHC (chr6), FAM19A2 (chr12), 

and SLC25A42 (chr19). The most prominent signal that was driven by both AN and OCD 

lies near the MHC (index SNP rs75063949, chr6:25591041 in LRRC16A (Figure S1). As 

shown in the forest plot for this SNP (Figure S1a), the 95% confidence interval on the 

natural log of the odds ratio excludes 0 in both AN and OCD. Another cross-disorder signal 

was found upstream of KIT on chr4 (Figure S2), while the locus found within FAM19A2 on 

chr12 appears primarily driven by AN (Figure S3).

Heritability and Genetic Correlation Estimates for AN and OCD

As an additional assessment of the distribution of test statistics for our constructed cross-

disorder meta-analysis, we computed liability-based heritability estimates for AN and OCD 

datasets, as well as the genetic correlation between the two disorders based on the disorder-

specific summary statistics. Using population prevalence estimates of 0.9%, 2.5%, and 3% 

for AN, OCD and the AN-OCD cross-disorder phenotype respectively, we computed 

heritability estimates of 0.18 for AN, 0.29 for OCD, and 0.21 for AN-OCD (Table 1). The 

AN and OCD estimates were computed only using the SNPs present in both datasets and are 

consistent with previously reported estimates of 0.20 for AN19 and 0.28 for OCD.22 The LD 

Score regression intercept of the cross-disorder association analysis was 1.01, therefore 

providing further evidence against the presence of genomic inflation.
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Using the largest published datasets to date, we computed a genetic correlation between AN 

and OCD of 0.49 (se = 0.13; p = 9.07×10−7) and therefore supporting the previously 

reported genetic correlation calculated using a subset of these samples.23

Genetic Correlations with Other Phenotypes

Following Bonferroni correction, 19 of the 231 phenotypes available in LD Hub were 

significantly correlated with AN-OCD shared genetic risk. Among psychiatric phenotypes, 

bipolar disorder, schizophrenia, and PGC cross-disorder shared risk (comprising bipolar 

disorder, schizophrenia, autism spectrum disorders, attention deficit/hyperactivity disorder, 

and major depressive disorder) were positively correlated with AN-OCD shared risk (Figure 

2). These findings are in line with previous work,23 including the most recent AN GWAS19 

and emphasize the shared genetic architecture of psychiatric disorders in general. We also 

observed a positive correlation between AN-OCD cross-disorder risk and years of schooling, 

which mirrors the positive genetic correlation reported for AN and educational attainment.19

For metabolic traits, high body mass index and related phenotypes (i.e., class I obesity, 

overweight, hip circumference, waist-to-hip ratio) were negatively correlated with AN-OCD 

shared risk. Similarly, whereas unfavorable metabolic markers such as triglyceride and 

fasting insulin yielded negative genetic correlations with AN-OCD, HDL cholesterol (which 

is a favorable metabolic marker) yielded a significant positive genetic correlation. These 

findings also support the genetic correlations previously reported for AN,19 therefore 

suggesting a metabolic component in the genetic etiology of AN as well as AN-OCD cross-

disorder phenotype.

Many of the stronger, higher confidence pairwise correlations derived from LD Hub appear 

to be shared by AN and OCD. In visualizing the correlations, we first noted this trend, in 

that there appeared to be very few correlations of particularly high confidence where the 

directions of correlation pointed in opposite directions between the two disorders (Figure 

3a). To formally test this, we assessed the frequency of the same direction correlations 

across different p-value thresholds, with an expected value of 50% under the null, and found 

that more significant results were more concordant, as expected (Figure 3b). This 

observation is consistent with the observed high genetic correlation between AN and OCD.

In order to determine if there were traits with p < 0.1 where the correlations with AN and 

OCD were markedly different, we identified 16 traits where the signs of the genetic 

correlations with AN and with OCD were opposite (Figure S4). Many traits were metabolic 

and anthropometric in nature, for which the correlations with AN were much stronger. There 

were two phenotypes for which the correlations with AN and OCD were both notably high 

but in opposite directions. These included the personality trait “openness to experience” 

(correlation positive with AN but negative with OCD), and genetic risk for Amyotrophic 

Lateral Sclerosis (also positive in AN but negative in OCD).

Given that many of the stronger correlations were in the same direction, we then examined 

whether particular phenotypes—clustered by some higher-order category classification—

would be enriched for stronger correlation magnitudes in one phenotype versus the other. To 

test this, we took the subset of traits where the direction of correlation with AN and with 
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OCD were concordant, and at least one phenotype between AN and OCD had a nominally 

significant correlation at p < 0.05. We next took the higher-order category classifications in 

LD Hub that had been applied to each trait, and took the subset of categories where we had 

three or more applicable traits that met the previously described criteria (10 categories total). 

For each category we tested the null hypothesis that 50% of traits in that category would 

have a greater correlation magnitude in OCD, again using a two-sided binomial test. We 

found that correlation magnitudes were heavily shifted towards AN for anthropometric and 

metabolic categories (Figure S5). Consistent with this observation, lipid and glycemic 

categories show similar bias towards AN, albeit with less statistical power due to a smaller 

number of traits represented in these categories.

Partitioned heritability

We also investigated whether particular genomic annotations were enriched in AN-OCD 

cross-disorder heritability using partitioned LD score regression.30 As expected with the 

current sample size, we did not observed any significant enrichments at a 5% false discovery 

rate (Figure S6), and the most significant annotation was conservation regions across 29 

mammals32 with an estimated 17-fold heritability enrichment (q-value = 0.23). Since this 

annotation was previously shown to be enriched in heritability for a variety of traits,30 it is 

likely that the lack of significant association in our study is due to limited statistical power.

Tissue and cell-type association

We next aimed to detect tissues involved in the aetiology of AN-OCD using MAGMA.27 We 

did not observe any tissue types in GTEx33 significantly associated with AN-OCD following 

Bonferroni correction; however, the strongest associations were observed with brain tissues. 

Notably, the top hit in GTEx was the nucleus accumbens from the basal ganglia (Figure S7).

Given the suggestive evidence of the implication of brain tissues in the etiology of AN-OCD 

in our previous analysis, we used MAGMA to investigate whether there was an association 

between AN-OCD cross-disorder risk and any of 24 mouse brain cell types.31 We observed 

that medium spiny neurons (MSNs) were significantly associated with AN-OCD after 

Bonferroni correction (Figure 4). As MSNs are located in the basal ganglia, the association 

of MSNs with AN-OCD is concordant with the tissue-level association of the basal ganglia 

using GTEx data. Of note, we did not observe the same significant association when we 

used LD score regression (Figure S8), indicating that this association may not be very robust 

(which is not surprising given the current sample size).

Additional analyses

We performed gene-based and pathway-based tests on the AN/OCD cross disorder summary 

statistics using the MAGMA package (see methods for details). One gene (KIT) passed the 

multiple test correction threshold of 2.5 × 10−6 (Figure S9). We did not detect any pathways 

that survived multiple test correction for 17,081 separate pathway-based tests.
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DISCUSSION

This cross-disorder GWAS of AN and OCD was geared toward explicating the shared 

genetic architecture of the two disorders. The clinical and epidemiological connections 

between AN and OCD have been well-documented,4–16 and it is especially important to 

examine the potential genetic connection between these two disorders in the light of recent 

genetic and twin-based findings.13 As disorder-specific association studies have been 

conducted (and analyses with larger sample sizes are ongoing), the present study was geared 

toward examining the shared AN-OCD risks as opposed to the dissection of any disorder-

specific risk factors.

The combined GWAS meta-analysis of 6,183 cases and 18,013 controls did not yield any 

genome-wide significant findings for shared AN-OCD risk. Although there is one genome-

wide significant risk locus identified for AN, the available OCD and AN samples continue to 

be small relative to those needed for the reliable detection of genome-wide significant loci. 

Therefore, this AN-OCD analysis was likely underpowered to detect genome-wide 

significant findings and genetic heterogeneity between AN and OCD may also play a role. 

Thus, in the absence of significant hits, we describe the loci for which we found strongest 

evidence for association. The most prominent reliable signal lies near the edge of the MHC 

in the gene LRRC16A (Figure S1a) and is driven by both AN (p = 4.19 × 10−5) and OCD (p 

= 1.53 × 10−3). Although this gene has no clear connection to brain phenotypes, and it 

remains to be seen whether this signal will reach significance, it is notable that a role for 

autoimmunity has previously been implicated in both AN34 and OCD.35

Another association driven by both AN (p = 1.62 × 10−6) and OCD (p = 0.011) is located 

just upstream of KIT, which is thought to be involved in cell growth and differentiation.36 

We were unable to find literature supporting a link between this gene and a psychiatric 

phenotype. Gene-based association for KIT barely exceeded the pre-determined significance 

threshold, though the regional association plots suggest a true signal and not one that is 

artefactual, so more data are needed before seriously considering its role in AN/OCD. Taken 

together, our results strongly point to the possibility of identifying loci for shared AN/OCD 

risk as sample sizes for both disorders increase.

We observed a genetic correlation of 0.49 (se = 0.13; p = 9.07×10−7) between AN and OCD, 

supporting previous results23 computed using smaller AN and OCD datasets. We also 

examined the genetic correlations of AN and OCD with a wide range of other phenotypes. 

The results of these analyses hinted at some of the similarities and potential differences 

between AN and OCD genetic architecture. Although it is clear that both share correlations 

with other psychiatric disorders and that many of the particularly strong correlations with the 

traits explored are common between the two disorders, we note a markedly stronger 

correlation in AN with metabolic and anthropometric traits. It is possible that a subset of 

these correlations may represent a component of AN genetic architecture, which may 

distinguish AN from OCD and set AN apart from other psychiatric disorders as having both 

a psychiatric and a metabolic etiology.19 As previously noted, only greatly expanded GWAS 

studies of both AN and OCD will be able to tell us what genetic risk factors are distinct to 

AN and to OCD.
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Tissue and cell type analyses suggested that the basal ganglia and MSNs play a role in AN-

OCD cross-disorder risk. Larger samples, however, are needed to conclusively implicate 

specific brain regions and cell types as our findings were not robust enough when using two 

different analytical methods. Nevertheless, the association of MSNs seems plausible as these 

neurons have also been associated with schizophrenia31 and neuroticism,37 both of which 

were found to be significantly genetically correlated with AN-OCD shared risk in our 

analyses. A large body of literature supports a role for the basal ganglia and its associated 

substructures in both AN and OCD. In AN, the nucleus accumbens is involved in feeding 

behavior,38 hyperactivity39 and its ablation increased drive to eat, in some individuals with 

AN.40 In OCD, neuroimaging studies have repeatedly shown hyperactivity in the head of the 

caudate nuclei41 and deep brain stimulation targeting striatal areas is often therapeutic,42 

both consistent with the cortico–striato–thalamo–cortical (CSTC) model of OCD.43

The strengths of this study include the use of the largest and most current GWAS results for 

both AN and OCD and rigorous pre-processing of the summary statistics files prior to 

analyses, to ensure comparability in this first ever AN-OCD cross disorder GWAS. 

Limitations of this study include heterogeneity, the fact that both the AN and OCD GWAS 

are currently underpowered and our data on comorbidities are limited. Future directions for 

this work as sample size increases will include the incorporation of subphenotype 

information in the analyses as well as Mendelian randomization analyses to examine causal 

inference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Statistical analyses were carried out on the NL Genetic Cluster Computer (http://www.geneticcluster.org) hosted by 
SURFsara.

FUNDING SOURCES

Dr. Yilmaz is supported by NIH grant K01MH109782 (PI: Yilmaz). Drs. Crowley and Mattheisen were supported 
by NIH grants R01MH105500 and R01MH110427. Dr. Bulik acknowledges funding from the Swedish Research 
Council (VR Dnr: 538-2013-8864). The OCD Collaborative Genetics Association Study (OCGAS) is a 
collaborative research study and was funded by the following NIMH Grant Numbers: MH071507 (GN), MH079489 
(DAG), MH079487 (JM), MH079488 (AF) and MH079494 (JK). Prof. dr. Kas was supported by a ZonMW VIDI 
Grant (91786327) from The Netherlands Organization for Scientific Research (NWO). Dr. Bryois is supported by 
the Swiss National Science Foundation.

References

1. Trace SE, Baker JH, Penas-Lledo E, Bulik CM. The genetics of eating disorders. Annual review of 
clinical psychology. 2013; 9:589–620.

2. Pauls DL, Abramovitch A, Rauch SL, Geller DA. Obsessive-compulsive disorder: an integrative 
genetic and neurobiological perspective. Nature reviews Neuroscience. 2014; 15(6):410–424. 
[PubMed: 24840803] 

3. Pauls DL, Fernandez TV, Mathews CA, State MW, Scharf JM. The Inheritance of Tourette Disorder: 
A review. Journal of obsessive-compulsive and related disorders. 2014; 3(4):380–385. [PubMed: 
25506544] 

Yilmaz et al. Page 11

Mol Psychiatry. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.geneticcluster.org


4. Kaye WH, Bulik CM, Thornton L, Barbarich N, Masters K. Comorbidity of anxiety disorders with 
anorexia and bulimia nervosa. Am J Psychiatry. 2004; 161(12):2215–2221. [PubMed: 15569892] 

5. Godart NT, Flament MF, Perdereau F, Jeammet P. Comorbidity between eating disorders and 
anxiety disorders: a review. The International journal of eating disorders. 2002; 32(3):253–270. 
[PubMed: 12210640] 

6. Swinbourne JM, Touyz SW. The co-morbidity of eating disorders and anxiety disorders: a review. 
European eating disorders review: the journal of the Eating Disorders Association. 2007; 15(4):253–
274. [PubMed: 17676696] 

7. du Toit PL, van Kradenburg J, Niehaus D, Stein DJ. Comparison of obsessive-compulsive disorder 
patients with and without comorbid putative obsessive-compulsive spectrum disorders using a 
structured clinical interview. Compr Psychiatry. 2001; 42(4):291–300. [PubMed: 11458303] 

8. LaSalle VH, Cromer KR, Nelson KN, Kazuba D, Justement L, Murphy DL. Diagnostic interview 
assessed neuropsychiatric disorder comorbidity in 334 individuals with obsessive-compulsive 
disorder. Depress Anxiety. 2004; 19(3):163–173. [PubMed: 15129418] 

9. Pinto A, Mancebo MC, Eisen JL, Pagano ME, Rasmussen SA. The Brown Longitudinal Obsessive 
Compulsive Study: clinical features and symptoms of the sample at intake. J Clin Psychiatry. 2006; 
67(5):703–711. [PubMed: 16841619] 

10. Rubenstein CS, Pigott TA, L’Heureux F, Hill JL, Murphy DL. A preliminary investigation of the 
lifetime prevalence of anorexia and bulimia nervosa in patients with obsessive compulsive 
disorder. J Clin Psychiatry. 1992; 53(9):309–314. [PubMed: 1517192] 

11. Ruscio AM, Stein DJ, Chiu WT, Kessler RC. The epidemiology of obsessive-compulsive disorder 
in the National Comorbidity Survey Replication. Mol Psychiatry. 2010; 15(1):53–63. [PubMed: 
18725912] 

12. Hudson JI, Hiripi E, Pope HG Jr, Kessler RC. The prevalence and correlates of eating disorders in 
the National Comorbidity Survey Replication. Biol Psychiatry. 2007; 61(3):348–358. [PubMed: 
16815322] 

13. Cederlof M, Thornton LM, Baker J, Lichtenstein P, Larsson H, Ruck C, et al. Etiological overlap 
between obsessive-compulsive disorder and anorexia nervosa: a longitudinal cohort, 
multigenerational family and twin study. World psychiatry: official journal of the World 
Psychiatric Association. 2015; 14(3):333–338.

14. Lilenfeld LR, Kaye WH, Greeno CG, Merikangas KR, Plotnicov K, Pollice C, et al. A controlled 
family study of anorexia nervosa and bulimia nervosa: psychiatric disorders in first-degree 
relatives and effects of proband comorbidity. Arch Gen Psychiatry. 1998; 55(7):603–610. 
[PubMed: 9672050] 

15. Strober M, Freeman R, Lampert C, Diamond J. The association of anxiety disorders and obsessive 
compulsive personality disorder with anorexia nervosa: evidence from a family study with 
discussion of nosological and neurodevelopmental implications. The International journal of eating 
disorders. 2007; 40(Suppl):S46–51. [PubMed: 17610248] 

16. Meier SM, Bulik CM, Thornton LM, Mattheisen M, Mortensen PB, Petersen L. Diagnosed 
Anxiety Disorders and the Risk of Subsequent Anorexia Nervosa: A Danish Population Register 
Study. European eating disorders review: the journal of the Eating Disorders Association. 2015; 
23(6):524–530. [PubMed: 26347124] 

17. Boraska V, Franklin CS, Floyd JA, Thornton LM, Huckins LM, Southam L, et al. A genome-wide 
association study of anorexia nervosa. Mol Psychiatry. 2014; 19(10):1085–1094. [PubMed: 
24514567] 

18. Wang K, Zhang H, Bloss CS, Duvvuri V, Kaye W, Schork NJ, et al. A genome-wide association 
study on common SNPs and rare CNVs in anorexia nervosa. Mol Psychiatry. 2011; 16(9):949–
959. [PubMed: 21079607] 

19. Duncan L, Yilmaz Z, Gaspar H, Walters R, Goldstein J, Anttila V, et al. Significant Locus and 
Metabolic Genetic Correlations Revealed in Genome-Wide Association Study of Anorexia 
Nervosa. Am J Psychiatry. 2017; 174(9):850–858. [PubMed: 28494655] 

20. Stewart SE, Yu D, Scharf JM, Neale BM, Fagerness JA, Mathews CA, et al. Genome-wide 
association study of obsessive-compulsive disorder. Mol Psychiatry. 2013; 18(7):788–798. 
[PubMed: 22889921] 

Yilmaz et al. Page 12

Mol Psychiatry. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Mattheisen M, Samuels JF, Wang Y, Greenberg BD, Fyer AJ, McCracken JT, et al. Genome-wide 
association study in obsessive-compulsive disorder: results from the OCGAS. Mol Psychiatry. 
2014

22. International Obsessive Compulsive Disorder Foundation Genetics Collaborative (IOCDF-GC) and 
OCD Collaborative Genetics Association Studies (OCGAS). Revealing the complex genetic 
architecture of obsessive-compulsive disorder using meta-analysis. Mol Psychiatry. 2017

23. Anttila V, Bulik-Sullivan B, Finucane HK, Walters R, Bras J, Duncan L, et al. Analysis of shared 
heritability in common disorders of the brain. bioRxiv. 2017

24. Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association 
scans. Bioinformatics. 2010; 26(17):2190–2191. [PubMed: 20616382] 

25. Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, Schizophrenia Working Group of the 
Psychiatric Genomics C. et al. LD Score regression distinguishes confounding from polygenicity 
in genome-wide association studies. Nat Genet. 2015; 47(3):291–295. [PubMed: 25642630] 

26. Zheng J, Erzurumluoglu AM, Elsworth BL, Kemp JP, Howe L, Haycock PC, et al. LD Hub: a 
centralized database and web interface to perform LD score regression that maximizes the 
potential of summary level GWAS data for SNP heritability and genetic correlation analysis. 
Bioinformatics. 2017; 33(2):272–279. [PubMed: 27663502] 

27. de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-set analysis of 
GWAS data. PLoS computational biology. 2015; 11(4):e1004219. [PubMed: 25885710] 

28. Gene Ontology Consortium. Gene Ontology Consortium: going forward. Nucleic Acids Res. 2015; 
43:D1049–1056. [PubMed: 25428369] 

29. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set 
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression 
profiles. Proc Natl Acad Sci U S A. 2005; 102(43):15545–15550. [PubMed: 16199517] 

30. Finucane HK, Bulik-Sullivan B, Gusev A, Trynka G, Reshef Y, Loh PR, et al. Partitioning 
heritability by functional annotation using genome-wide association summary statistics. Nat 
Genet. 2015; 47(11):1228–1235. [PubMed: 26414678] 

31. Skene NG, Bryois J, Bakken TE, Breen G, Crowley JJ, Gaspar H, et al. Genetic Identification Of 
Brain Cell Types Underlying Schizophrenia. bioRxiv. 2017

32. Lindblad-Toh K, Garber M, Zuk O, Lin MF, Parker BJ, Washietl S, et al. A high-resolution map of 
human evolutionary constraint using 29 mammals. Nature. 2011; 478(7370):476–482. [PubMed: 
21993624] 

33. GTEx Consortium. et al. Genetic effects on gene expression across human tissues. Nature. 2017; 
550(7675):204–213. [PubMed: 29022597] 

34. Raevuori A, Haukka J, Vaarala O, Suvisaari JM, Gissler M, Grainger M, et al. The increased risk 
for autoimmune diseases in patients with eating disorders. PloS one. 2014; 9(8):e104845. 
[PubMed: 25147950] 

35. Perez-Vigil A, Fernandez de la Cruz L, Brander G, Isomura K, Gromark C, Mataix-Cols D. The 
link between autoimmune diseases and obsessive-compulsive and tic disorders: A systematic 
review. Neurosci Biobehav Rev. 2016; 71:542–562. [PubMed: 27687817] 

36. Yan L, Zou L, Zhao W, Wang Y, Liu B, Yao H, et al. Clinicopathological significance of c-KIT 
mutation in gastrointestinal stromal tumors: a systematic review and meta-analysis. Sci Rep. 2015; 
5:13718. [PubMed: 26349547] 

37. Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J, et al. GWAS Meta-Analysis 
of Neuroticism (N=449,484) Identifies Novel Genetic Loci and Pathways. bioRxiv. 2017

38. Avena NM, Bocarsly ME. Dysregulation of brain reward systems in eating disorders: 
neurochemical information from animal models of binge eating, bulimia nervosa, and anorexia 
nervosa. Neuropharmacology. 2012; 63(1):87–96. [PubMed: 22138162] 

39. Jean A, Laurent L, Bockaert J, Charnay Y, Dusticier N, Nieoullon A, et al. The nucleus accumbens 
5-HTR(4)-CART pathway ties anorexia to hyperactivity. Translational psychiatry. 2012; 2:e203. 
[PubMed: 23233022] 

40. Wang J, Chang C, Geng N, Wang X, Gao G. Treatment of intractable anorexia nervosa with 
inactivation of the nucleus accumbens using stereotactic surgery. Stereotact Funct Neurosurg. 
2013; 91(6):364–372. [PubMed: 24108066] 

Yilmaz et al. Page 13

Mol Psychiatry. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Menzies L, Chamberlain SR, Laird AR, Thelen SM, Sahakian BJ, Bullmore ET. Integrating 
evidence from neuroimaging and neuropsychological studies of obsessive-compulsive disorder: the 
orbitofronto-striatal model revisited. Neurosci Biobehav Rev. 2008; 32(3):525–549. [PubMed: 
18061263] 

42. Alonso P, Cuadras D, Gabriels L, Denys D, Goodman W, Greenberg BD, et al. Deep Brain 
Stimulation for Obsessive-Compulsive Disorder: A Meta-Analysis of Treatment Outcome and 
Predictors of Response. PloS one. 2015; 10(7):e0133591. [PubMed: 26208305] 

43. Saxena S, Rauch SL. Functional neuroimaging and the neuroanatomy of obsessive-compulsive 
disorder. The Psychiatric clinics of North America. 2000; 23(3):563–586. [PubMed: 10986728] 

Yilmaz et al. Page 14

Mol Psychiatry. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(a) Quantile-quantile (QQ) plot of the AN-OCD cross-disorder meta-analysis, showing a 

slight departure from a null model of no associations (blue line and grey 95% confidence 

interval). (b) Manhattan plot of the AN-OCD cross-disorder meta-analysis of 6,183 cases 

and 18,031 controls. The x-axis shows genomic position (chr1-chr22), and the y-axis shows 

statistical significance as –log10(P). The red line shows the genome-wide significance 

threshold (P=5×10−8).
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Figure 2. 
Genetic correlations of the AN-OCD cross-disorder phenotype with psychiatric, metabolic, 

and other phenotypes. Only significant results after Bonferroni correction are shown.
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Figure 3. 
AN and OCD show overlapping patterns of genetic correlation across 229 traits. (a) 
Distribution of pairwise correlations of traits with AN and OCD in two-dimensional space. 

Bars depict one standard error in each direction for the pairwise correlation estimate 

between each trait in question and AN or OCD, with lines stretched horizontally in reference 

to AN and vertically in reference to the OCD estimate. Data points are color coded based on 

the p-value bin they fall into, listed in the legend. (b) Results of correlation sign test between 

AN and OCD values, for traits previously binned and color coded. Bar represent the 95% 

confidence interval. For indicators of significance, “***” indicates p < 0.0001, “**” 

indicates p < 0.001, and “*” indicates p < 0.05.
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Figure 4. 
Association between mouse brain cell-type specific expression and gene-level genetic 

association to AN/OCD using MAGMA. The black vertical bar represents the Bonferroni 

significant threshold.
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Table 1

LD Score regression results. Shown are the SNP-based heritabilities for AN, OCD, and AN-OCD cross-

disorder phenotype (rounded to two decimal points).

AN OCD AN-OCD

Liability Scale h2 0.18 0.29 0.21

Standard Error for h2 0.03 0.04 0.02

Mean Chi-Square 1.08 1.06 1.11

LD Score Regression Intercept 1.01 0.99 1.01
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