Supplementary Material for:
Exploration of shared genetic architecture between subcortical brain volumes and Anorexia Nervosa
Walton E,1,2 Hibar D,3,4 Yilmaz Z,5 Jahanshad N,3 Cheung J,3 Batury VL,2 Seitz J,6 Bulik C,5,7,8, PGC-ED, ENIGMA Genetics Working Group, Thompson PM,3 Ehrlich S2*

1 MRC Integrative Epidemiology Unit, Population Health Sciences, Bristol Medical School, University of Bristol, Bristol, United Kingdom
2 Division of Psychological and Social Medicine and Developmental Neurosciences, Faculty of
Medicine, TU Dresden, Germany, Dresden, Germany
3 Imaging Genetics Center, Mark and Mary Stevens Neuroimaging & Informatics Institute, Keck
School of Medicine of the University of Southern California, Marina del Rey, CA, USA
4 Janssen Research & Development, San Diego, CA, USA
5 Department of Psychiatry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
6 Department of Child and Adolescent Psychiatry, Psychotherapy and Psychosomatics, University Hospital RWTH University Aachen, Aachen, Germany
7 Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden
8 Department of Nutrition, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina

Corresponding author: Stefan Ehrlich, Division of Psychological and Social Medicine and Developmental Neurosciences, Faculty of Medicine, Technische Universität Dresden, Fetscherstr. 74, 01307 Dresden, Germany. E-mail: stefan.ehrlich@tu-dresden.de



SM 1 Methods
SM 1.1 ENIGMA
Cohort description
All participants in all cohorts in this study gave written informed consent and sites involved obtained approval from local research ethics committees or Institutional Review Boards. The ENIGMA consortium follows a rolling meta-analysis framework for incorporating sites into the analysis. The discovery sample comprises studies of European ancestry that contributed GWAS summary statistics for the purpose of this analysis on or before 1 October 2013. The deadline for discovery samples to upload their data was made before inspecting the data and was not influenced by the results of the analyses. The meta-analysis results from discovery cohorts were carried forward for secondary analyses and functional validation studies.
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Supplementary Table S1: Demographic description of cohorts included in the ENIGMA analysis. Table adapted from Hibar et al. [1].

Imaging measures
[bookmark: _GoBack]The brain measures examined in this study were obtained from structural MRI data collected at participating sites around the world. Brain scans were processed and examined at each site locally, following a standardized protocol procedure to harmonize the analysis across sites. The standardized protocols for image analysis and quality assurance are openly available online (http://enigma.ini.usc.edu/protocols/imagingprotocols/). The subcortical brain measures (nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus) were delineated in the brain using well-validated, freely available brain segmentation software packages: FIRST [2], part of the FMRIB Software Library (FSL), or FreeSurfer [3]. In addition to the subcortical structures of the brain, we examined the genetic effects of a measure of global head size, intracranial volume (ICV). After image processing, each image was inspected individually to identify poorly segmented structures. Each site contributed histograms of the distribution of volumes for the left and right hemisphere structures (and a measure of asymmetry) of each subcortical region used in the analysis. Scans marked as outliers (>3 standard deviations from the mean) based on the histogram plots were re-checked at each site to locate any errors. If a scan had an outlier for a given structure, but was segmented properly, it was retained in the analysis. Site-specific phenotype histograms, Manhattan plots, and QQ plots from each participating site are available on the ENIGMA website (http://enigma.ini.usc.edu/publications/enigma-2/).

Genetic quality control (QC)
Each study in the discovery sample was genotyped using commercially available platforms. Prior to imputation, genetic homogeneity was assessed in each sample using multi-dimensional scaling (MDS) analysis. Ancestry outliers were excluded through visual inspection of the first two components. Quality control filtering was applied to remove genotyped SNPs with low minor allele frequency (MAF < 0.01), poor genotype call rate ( < 95%), and deviations from Hardy-Weinberg Equilibrium (HWE p < 1*10-6) before imputation. Genomic data were imputed to a reference panel (1000 Genomes, v3 phase1) comprising only European samples and with monomorphic SNPs removed. The imputation protocols used MaCH [4] for haplotype phasing and minimac [5] for imputation and are freely available online (http://enigma.ini.usc.edu/protocols/genetics-protocols/). Only SNPs with an imputation score of RSQ > 0.5 and minor allele counts > 10 within each site were included. Tests of association were conducted separately for eight MRI volumetric phenotypes (amygdala, caudate, hippocampus, nucleus accumbens, pallidum, putamen, thalamus and intracranial volume (ICV)) with the following covariates in a multiple linear regression framework: age, age2, sex, four MDS components (to account for population structure), ICV (for analyses including subcortical brain phenotypes) and diagnosis (when applicable to case/control cohorts including patients with  anxiety, Alzheimer’s disease, attention-deficit/hyperactivity disorder, bipolar disorder, epilepsy, major depressive disorder or schizophrenia).

Statistical analysis
Genome-wide association scans were conducted at each site for all eight traits of interest including ICV and bilateral volumes of the nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus. For each SNP in the genome, the additive dosage value was regressed against the trait of interest separately using a multiple linear regression framework controlling for age, age2, sex, 4 MDS components, ICV (for non-ICV phenotypes), and diagnosis (when applicable). For studies with data collected from multiple centers or scanners, dummy-coded covariates were also included in the model. The resulting files were combined meta-analytically using a fixed-effect, inverse variance-weighted model as implemented in the software package METAL [6].

SM 1.2 Eating Disorder Working Group of the Psychiatric Genomics Consortium (PGC-ED)
Cohort description
PGC-ED is a collaboration representing researchers and clinicians from around the world, founded with the goal of identifying the genetic risk factors involved in the etiology of anorexia nervosa (AN). The Freeze 1 sample (2016) comprises 3,495 individuals with AN and 10,982 controls from 12 separate cohorts. Cases met DSM-IV criteria for either lifetime AN (restricting or binge-purge subtype) or lifetime eating disorders ‘not otherwise specified’ AN-subtype (i.e., exhibiting the core features of AN, also referred to as “atypical AN” ; ref [7]). Detailed information on recruitment and case ascertainment can be found elsewhere [8, 9]. Out of the 12 cohorts, the largest single contributor (1,031 cases and 3,627 controls post- QC) was the Children’s Hospital of Philadelphia/Price Foundation collection, and these samples were included in a previous AN GWAS publication [9]. The remaining 11 cohorts were wholly or in part from the Welcome Trust Case Control Consortium 3 (WTCCC3). The Welcome Trust Sanger Institute genotyped cases for all WTCCC3 AN samples as well as controls for two of the samples, and these cases and controls were included in a previous AN GWAS meta-analysis [8]. As the WTCCC3 did not fund genotyping of controls, ancestrally matched controls for 9 out of 11 WTCCC3 AN samples were sourced from multiple independent and overlapping research groups, consortia (including PGC), and funding bodies.
[image: ]
Supplementary Table S2: Descriptive information for 12 contributing PGC-ED studies. Case, control, and SNP numbers reflect final QC. Other than CHOP, all cases, plus cases and controls from Greece and Italy-South were from the Wellcome Trust Case Control Consortium 3 (WTCCC3). SNPs=single nucleotide polymorphisms, same=same chip as cases, CHOP=Children’s Hospital of Philadelphia, Czech Rep.=Czech Republic, Ill. Hum.660W=Illumina Human 660W-Quad, Ill.=Illumina. Table adapted from Duncan et al. [10].

Genetic quality control (QC)
Genotyping of cases and controls was performed using Illumina arrays (Illumina, Inc., San Diego, CA). QC was performed on each of the 12 individual datasets using the updated version of PLINK [11]. Exclusion criteria for SNP-level QC comprised: (1) missingness > 0.02; (2) minor allele frequency < 0.05; (3) differential missingness between cases and controls > 0.02; and (4) HWE cutoff of p < 1*10-6 for controls and p < 1*10-10 for cases. Exclusion criteria for sample-level QC comprised: (1) missingness > 0.02; (2) FHET > |0.2|; (3) failed sex check; and (4) π̂ > 0.2 for relatedness. Principal components analysis (PCA) was first performed within each dataset and then across all datasets using FastPCA [12], as implemented in the PGC pipeline [13].

Statistical analysis/additional information
Imputation to the 1000 Genomes phase 1 reference [14] was performed within the PGC pipeline using SHAPEIT [15] for phasing and IMPUTE2 [16] for imputation. Imputation was performed with a chunk size of 3Mb and using default parameters on the full set of 2,186 phased haplotypes (August 2012, 30,069,288 variants, release “v3.macGT1”). Analysis within datasets was performed using an additive model in PLINK, with the first ten principal components as covariates. Fixed-effects meta-analysis across the 12 datasets was accomplished using METAL, with inverse variance weighting. QC, imputation, and primary GWAS were performed following the Ricopili pipeline at the Broad Institute.



SM 2 Results
SM 2.1 Genetic risk score analysis
[image: ]
Supplementary Table S3: Detailed GRS results, carried out on subsets of four different thresholds (1*10-4, 1*10-3, 1*10-2, 5*10-2) in the discovery dataset (i.e. ENIGMA subcortical brain volume).


SM 2.2 Sign test

[image: ]
Supplementary Table S4: Detailed Sign test results, carried out on subsets of four different thresholds (1*10-4, 1*10-3, 1*10-2, 5*10-2) in the discovery dataset (i.e. ENIGMA subcortical brain volume (grey) or AN (blue)). a An estimate > 0.5 indicates a higher proportion of SNPs with a risk effect on AN (OR > 1) and on brain volume (BETA < 0). CI = confidence interval

Walton et al.




SM 2.3 Genomic location of rs3863294
[image: ]
[bookmark: _Hlk527925041]Supplementary Figure S1. Rs3863294, which was significantly associated with AN only after conditioning on its link to caudate volume, is found in the vicinity of neurotransmitter and immune system relevant genes such as DRD2, HTR3B, HTR3A and NCAM. Figure produced using the ucsc genome browser (GRCh38/hg38).


SM 2.4 Functional effects of rs3863294 on DNA methylation and gene expression
We investigated rs3863294 SNP effects on methylation or (tissue-specific) gene expression to further investigate functional effects. For methylation-specific associations, we queried two publicly available online databases (mqtl.db.org based on blood samples and epigenetics.essex.ac.uk/mQTL based on fetal brain samples). We found that in blood rs3863294 appears to be an mQTL (in cis) for cg12522722, a methylation site associated with zw10 kinetochore protein (ZW10) involved in cell division (SM Figure S2). However, this association was not replicated in the fetal brain samples, and therefore, it remains unclear whether this SNP impacts DNA methylation in brain tissue.
[image: ]
SM Figure S2. mQTL query, investigating the effect of rs3863294 on DNA methylation in blood samples across the life course (mqtldb.org).

With respect to gene expression, we queried the GTEx resource (gtexportal.org) and found that rs3863294 does appear to impact TMPRSS5 expression, predominantly in brain tissue. Strongest effects on expression were detected in subcortical brain structures, including the caudate (SM Figure S3). rs3863294 was also linked to DRD2 expression, albeit most prominently so in skin tissue (SM Figure S4).
[image: ]
SM Figure S3. Effect of rs3863294 on TMPRSS5 expression across tissues (based on GTEx data).

[image: ]
SM Figure S4. Effect of rs3863294 on DRD2 expression across tissues (based on GTEx data).




SM 2.5 SNP Effect Concordance Analysis (SECA): Conditional analyses

[image: ]
Supplementary Figure S5. Conditional effects for four SNPs (differently colored lines), reported to gain in significance with AN (y-axis) after conditioning on brain volume (related to the caudate (blue), hippocampus (orange), pallidum (grey) and accumbens (yellow); x-axis). All effects were specific to more stringent FDR-corrected p-values (in the GWAS on brain volumes, x-axis) with a decrease in AN-significance at moderately stringent cutoffs (0.4 > pFDR > 0.05). Only the SNP associated with effects conditional on pallidum volume (rs873507) showed a continuous gain in significance with AN, especially at p-value thresholds of 0.1 and 0.5 (note that analyses for the last two thresholds (p=0.01 and 0.003) did not converge).
SM 2.6 Mendelian randomization analysis
	exposure
	outcome
	SNP
	b
	se
	p

	Caudate
	AN
	rs1318862
	-5.95E-04
	1.11E-03
	0.592

	Hippocampus
	AN
	rs61921502
	2.16E-04
	1.11E-03
	0.846

	Hippocampus
	AN
	rs77956314
	-1.66E-04
	9.86E-04
	0.866

	Putamen
	AN
	rs6087771
	1.80E-04
	9.44E-04
	0.849

	Putamen
	AN
	rs62097986
	2.40E-04
	9.78E-04
	0.806

	Putamen
	AN
	rs683250
	-1.37E-03
	1.09E-03
	0.209

	ICV
	AN
	rs17689882
	-5.23E-07
	2.66E-06
	0.844



Supplementary Table S5. Mendelian randomization analysis to investigate a causal effect of brain volume on AN. Only brain volumes with genetic variants associated at a genome-wide level were investigated (caudate (1 SNP), hippocampus (2 SNPs), putamen (4 SNPs, of which 3 were available in the AN GWAS summary data), and ICV (1 SNP); as reported in Hibar et al. [1]).
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Dataset  Cases   Controls  Total Lambda N SNPs  Platform CasesPlatform 

Controls

CHOP 1,031 3,627 4,658 1.021 9,663,045Ill. Hum.Hap610 Ill. Hum.Hap610

Czech Republic 72 41 113 1.062 9,161,728Ill. Hum.660W Ill. 311K

Finland 131 524 655 1.011 9,691,342Ill. Hum.660W Ill. 550K

France 293 979 1,272 1.034 9,345,816Ill. Hum.660W Ill. 311K

Germany 556 2,164 2,720 1.027 9,515,296Ill. Hum.660W Ill. 550K

Greece 70 79 149 1.03 9,302,402Ill. Hum.660W Ill. Hum.660W

Italy-South 75 50 125 1.05 9,506,517Ill. Hum.660W Ill. Hum.660W

Netherlands 348 1,362 1,710 1.049 9,538,824Ill. Hum.660W Ill. 550K

Norway 82 315 397 1.052 9,379,255Ill. Hum.660W Ill. 317K

Spain 186 117 303 1.046 9,329,196Ill. Hum.660W Ill. 311K

UK 237 964 1,201 1.012 9,554,456Ill. Hum.660W Ill. 1M

US/Canada 414 760 1,174 1.018 9,537,730Ill. Hum.660W Ill. 550K

Total 3,495 10,98214,477 1.04510,641,224

After QC Genotyping Array
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ROI p threshold (brain volume)

R

2

p(GRS)

N(SNPs)

caudate 1.00E-04 9.55E-05 0.12 33

0.001 1.46E-05 0.32 247

0.01 2.13E-05 0.29 1956

0.05 2.00E-06 0.43 9097

hippocampus 1.00E-04 1.99E-05 0.30 24

0.001 2.29E-04 0.03 208

0.01 3.42E-04 0.01 1919

0.05 8.38E-05 0.14 9135

nucleus accumbens 1.00E-04 1.55E-05 0.32 15

0.001 1.43E-04 0.08 222

0.01 9.13E-05 0.13 1876

0.05 5.55E-05 0.19 9037

pallidum 1.00E-04 3.72E-06 0.41 21

0.001 1.52E-04 0.07 184

0.01 2.65E-04 0.03 1828

0.05 2.82E-05 0.26 8811

putamen 1.00E-04 1.26E-04 0.09 36

0.001 1.25E-04 0.09 240

0.01 3.24E-05 0.25 2073

0.05 1.07E-05 0.35 9377

thalamus 1.00E-04 6.53E-05 0.17 20

0.001 3.24E-05 0.25 218

0.01 3.71E-05 0.23 1992

0.05 2.23E-04 0.04 9195

ICV 1.00E-04 1.31E-04 0.08 36

0.001 3.28E-04 0.01 243

0.01 2.09E-04 0.04 1939

0.05 3.63E-05 0.23 9253
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discovery: ENIGMA brain volume discovery: AN

ROI p threshold 

(discovery)

estimate

b 95% CI p(binomial)N(SNPs)

estimate

b 95% CI p(binomial)N(SNPs)

caudate 1E-04 0.606 [0.421,0.771]0.296 33 0.400 [0.211,0.613]0.424 25

1E-03 0.482 [0.418,0.546]0.611 247 0.477 [0.41,0.545] 0.544 220

1E-02 0.513 [0.49,0.535] 0.268 1956 0.506 [0.484,0.528]0.580 2040

5E-02 0.504 [0.494,0.514]0.450 9097 0.497 [0.487,0.507]0.581 9563

hippocampus 1E-04 0.542 [0.328,0.744]0.839 24 0.520 [0.313,0.722]1.000 25

1E-03 0.538 [0.468,0.608]0.298 208 0.532 [0.464,0.599]0.381 220

1E-02 0.522 [0.499,0.544]0.061 1919 0.518 [0.496,0.54] 0.116 2040

5E-02 0.505 [0.495,0.516]0.325 9135 0.506 [0.496,0.516]0.232 9562

nucleus 

accumbens

1E-04 0.333 [0.118,0.616]0.302 15 0.560 [0.349,0.756]0.690 25

1E-03 0.450 [0.384,0.518]0.159 222 0.505 [0.437,0.572]0.946 220

1E-02 0.487 [0.464,0.51] 0.258 1876 0.509 [0.487,0.531]0.413 2040

5E-02 0.495 [0.485,0.506]0.388 9037 0.505 [0.495,0.515]0.326 9561

pallidum 1E-04 0.571 [0.34,0.782] 0.664 21 0.520 [0.313,0.722]1.000 25

1E-03 0.549 [0.474,0.622]0.210 184 0.445 [0.379,0.514]0.121 220

1E-02 0.522 [0.499,0.545]0.065 1828 0.485 [0.463,0.507]0.184 2039

5E-02 0.500 [0.49,0.511] 0.983 8811 0.495 [0.485,0.505]0.357 9559

putamen 1E-04 0.639 [0.462,0.792]0.132 36 0.520 [0.313,0.722]1.000 25

1E-03 0.438 [0.374,0.503]0.061 240 0.468 [0.401,0.536]0.381 220

1E-02 0.493 [0.472,0.515]0.568 2073 0.505 [0.483,0.527]0.658 2039

5E-02 0.496 [0.486,0.506]0.483 9377 0.500 [0.49,0.51] 0.959 9560

thalamus 1E-04 0.450 [0.231,0.685]0.824 20 0.440 [0.244,0.651]0.690 25

1E-03 0.564 [0.496,0.631]0.067 218 0.500 [0.432,0.568]1.000 220

1E-02 0.520 [0.497,0.542]0.084 1992 0.509 [0.487,0.531]0.413 2040

5E-02 0.512 [0.502,0.523]0.019 9195 0.502 [0.492,0.512]0.698 9563

ICV 1E-04 0.583 [0.408,0.745]0.405 36 0.440 [0.244,0.651]0.690 25

1E-03 0.560 [0.495,0.623]0.072 243 0.509 [0.441,0.577]0.840 220

1E-02 0.515 [0.492,0.537]0.203 1939 0.491 [0.469,0.513]0.425 2035

5E-02 0.506 [0.496,0.516]0.253 9253 0.502 [0.492,0.512]0.667 9541
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image6.png
Timepoint SNP SNPChr  SNPPos Al MAF CpG CpG Chr CpG Pos beta tstat Effect Size p-value Trans
Adolescence 13863294 11 113582531 G 0359 cgl2522722 11 113604256 034160 -9.12900  0.03404 511e19 N

Birth 153863294 11 113582531 G 0361 cgl2s22722 11 113604256 0.17770 -471700  NULL 284e06 N
Childhood 153863294 11 113582531 G 0355 cgl2522722 11 113604256 023990 -6.68000  0.00904 436e-11 N
Middle Age 153863294 11 113582531 G 0352 cgl2s22722 11 113604256 024370 -6.24600 000238 710e10 N
Pregnancy 153863294 11 113582531 G 0352 cgl2522722 11 113604256 023680 -6.24200 001318 717e10 N
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Cohort Study Design Ancestry Total N N Females Mean Age (SD) Age 

Range

AddNeuroMed Case-control (AD, MCI and health controls) European 357 204 74.4 (6.4) 53 - 90

ADNI Case-Control (AD, MCI, healthy control) European 747 302 75.4 (6.9) 55 - 91

ADNI2GO Case-Control (AD, MCI, healthy control) European 362 203 72.8 (7.4) 55 - 91

Betula Population-based European 353 185 62.3 (13.3) 25 - 95

BFS Population-based European 220 115 24 (7.9) 15 - 60

BIG Population-based European 1300 747 22.9 (3.8) 18 - 41

BrainSCALE Population-based Twin Study European 277 147 10.0 (1.3) 9 - 15

BRCDECC Case-control (MDD and healthy controls) European 169 105 49.9 (8.6) 26 - 71

EPIGEN Epilepsy cases European 233 138 38.5 (12.7) 14 - 85

GIG Population-based European 299 179 24.2 (2.4) 19 - 31

GSP Population-based European 442 251 21.4 (3.2) 18 - 35

HUBIN Case-control (SCZ and healthy controls) European 200 70 41.8 (8.1) 19 - 56

IMAGEN Population-based European 1765 895 14.6 (0.4) 13 - 17

MCIC Case-control (SCZ and healthy controls) European 170 58 34.0 (11.2) 18 - 60

MooDS Population-based European 311 164 33.4 (9.8) 18 - 51

MPIP Case-control (MDD and healthy controls) European 550 318 48.3 (13.3) 18 - 87

NCNG Population-based European 327 223 51.8 (16.7) 19 - 79

NESDA Case-control (Depression, Anxiety, and healthy 

controls)

European 231 153 37.8 (10.1) 18 - 57

neuroIMAGE ADHD cases European 154 23 17.0 (2.5) 11 - 24

NTR - Adults Population-based Twin Study European 400 238 29.7 (10.7) 12 - 56

OATS Population-based Twin study European 364 238 70.5 (5.1) 65 - 89

PAFIP  Case-control (SCZ and healthy controls) European 117 45 28.4 (8.1) 16 - 51

QTIM Population-based Twin Study European 845 527 22.5 (3.2) 16 - 30

SHIP Population-based European 966 507 56.4 (12.6) 31 - 90

SHIP-TREND Population-based European 858 477 50.0 (13.5) 21 - 81

Sydney MAS Population-based European 543 297 78.4 (4.7) 70 - 90

TOP Case-control (SCZ, BD, other psychoses, and 

healthy controls)

European 849 407 34.0 (10.4) 17 - 73

UMCU Case-control (SCZ and healthy controls) European 279 73 31.9 (11.7) 17 - 68


