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Abstract

Genome-wide association studies (GWAS) have identified multiple genetic loci associated with anorexia nervosa (AN); however, the genetic
architecture of AN remains largely unknown and many causal genes have not yet been discovered. To prioritize genes associated with AN,
we applied metaXcan to integrate summary statistics available from the largest PGC-AN GWAS (3,495 cases and 10,982 controls) with eQTLs
(expression quantitative trait loci) of 13 GTEx brain tissues, and identified a total of 133 associations (tagged by 57 unique genes), including
multiple potentially promising candidate genes such as SUOX. These identified genes were further validated using an external AN dataset
from UK Biobank (770 cases and 135,177 controls) and nine of them were replicated. Moreover, it was found that 72.7% of the identified genes
demonstrated pleiotropic effects on at least one of nine other psychiatric disorders. The function analysis revealed these genes were involved
in multiple AN-relevant pathways such as synapse organization. Overall, our study identified three candidate genes associated with AN, and
would advance our understanding towards the genetic foundation of AN.

Keywords: Anorexia nervosa, Expression quantitative trait loci, Gene expression, Genome-wide association study, Integrative analysis,
Summary statistics

One of the greatest challenges with regard to AN is that few
effective therapeutic interventions have been confirmed in
the clinic [5]. Prior evidence has indicated there exists a high

Introduction

Anorexia nervosa (AN) is a neuropsychic syndrome

characterized by restriction of energy intake relative to
requirements, abnormally low body weight and fear of weight
gain, resulting in extreme emaciation and even death [1]. AN
has an approximately 1% lifetime prevalence [2,3] and has
the highest mortality rate among all psychiatric disorders [4].

genetic component in the susceptibility to AN. For instance,
it is shown the AN risk is ten times greater among the first
degree relatives compared to the general population [6]. As
another example, twin studies estimated that the heritability
of AN was 58-74% in the United States [2], 56% in Sweden [2],
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and 75% in Denmark [7]; and linkage studies also identified
multiple genetic loci (e.g., OPRD1 and HTR1D) which were
associated with AN [8-10]. Furthermore, genome-wide
association studies (GWASs) have detected a lot of single
nucleotide polymorphisms (SNPs) related to the risk of AN
[11,12], including rs6894268 (RUFYT), rs7624327 (CCNLT) and
rs10519201 (SHC4) (Supplementary Table 1).

However, the genetic architecture of AN remains largely
unknown and the functional influences of these genetic
variants are also not completely clear. For instance, using the
linkage disequilibrium (LD) score regression (LDSC) method
[13], the SNP-based heritability of AN is estimated only to
be 0.12 (se=0.01), which is much smaller than that reported
in previous studies [2,7], implying a large amount of causal
genetic loci have not yet been discovered and the effort to
discover causative genes for AN should continue. Importantly,
although GWAS often mapped SNPs to the nearest genetic
region, the causal genes that really mediate the influence
of SNPs on AN can be rarely ascertainable from GWAS alone
[14]. In contrast, due to the utilization of disease-relevant
tissues and the availability of both gene expression levels
and genotypes, transcriptome studies can identify more
interpretable biologically relevant associations and bridge the
gap between putatively causal genes and complex diseases
[15].

Recently, many integrative analysis methods have been
proposed as powerful tools to prioritize causal genes by
integrating transcriptome profiles [16-19], such as the
Genotype-Tissue Expression (GTEx) [19], with genetic variants
and diseases [15,20]. Furthermore, these methods, including
metaXcan [21]and FUSION [20], can be implemented with only
summary statistics of GWAS and expression quantitative trait
loci (eQTLs); therefore, they can be applied to a wide range of
fields in genetic studies. In the present work we performed a
multiple-tissue integrative analysis with metaXcan to identify
AN-associated genes by integrating eQTLs from the GTEx brain
tissues with summary statistics of AN GWAS including 3,495
cases and 10,982 controls [22]; we discovered multiple genes
that were likely associated with AN. We validated our results in
another AN dataset available from UK Biobank (770 cases and
135,177 controls) [23]. We further revealed that these genes
had wide pleiotropic associations with nine other psychiatric
disorders and that they were involved in multiple AN-related
pathways such as synapse organization. In conclusion, these
findings would advance our understanding towards the
genetic foundation of AN.

Materials and Methods
PGC and UKB GWAS dataset for anorexia nervosa

We obtained the largest summary statistics of AN GWAS
published to date from Duncan et al., 2017 [22]. This study was
part of the Eating Disorders Working Group of the Psychiatric
Genomics Consortium (PGC) with 12 case-control cohorts and

comprised of 14,477 individuals of European ancestry (3,495
cases and 10,982 controls, the effective sample size N =4/(1/
n_ . t1/n_ . )=10,605 [24]. There were 10,641,224 SNPs left
after quality control (i.e., imputation quality scores >0.6 and
minor allele frequency (MAF) >0.01) (Supplementary Figure
1A). In each sub-study the first ten principal components
were included in the association analysis as covariates besides
study-specific covariate factors. Finally, METAL was employed
to conduct the inverse-variance weighted fixed-effects meta-
analysis across individual sub-studies [24]. In brief, let a and s,
be the effect size and standard error for study j, respectively;
then, the pooled effect size f=i Wi/ XiWi, with w; = 1/s?
and its standard error se=\/1/Y;w;; finally, the P value can
be available by assuming the combined effect size followed
a standard normal distribution. We observed the original
test statistics of AN appeared to be inflated, the ratio of the
observed median ¥? statistic to the expected median ¥?
statistic was 1.219, the standardized genomic inflation factor
was close to one (7\1000=1 .041, SE=0.009), which was consistent
with the polygenic nature of genetic background underlying
AN [25-27].

We primarily used the PGC-AN dataset described above in
the discovery stage and further validated our results using
summary statistics of another AN obtained from the UK
Biobank (UKB) [23]. The UKB-AN dataset included 135,947
individuals of European ancestry (770 cases and 135,177
controls; N_=3,063) and 20,882,955 SNPs after quality control
(i.e., imputation quality scores >0.8, allele count at least 20 and
minor allele count less than 20) (Supplementary Figure 1B).
The association in the UKB-AN dataset was analyzed through
the SAIGE method [28], which implemented the logistic
mixed model with a kinship matrix as random effects and age,
sex, agexsex, age?, age’xsex as well as the first ten principal
components as fixed-effects covariates.

Integrating GWAS summary statistics and eQTL with
metaXcan

In our integrative analysis we carried out metaXcan to
identify potentially causal genes that were associated with
AN by integrating GWAS summary statistics and eQTL weights
[21]. Briefly, assume there are m cis-SNPs located within a
given gene of focus, with m varying gene by gene. Then, for
each gene in turn we construct

Z,= 3 wo,f 1 (,se(B,))

where W, stands for the eQTL weight, 4 and se(f3,) are
the marginal effect size and the standard error of a single cis-
SNP, respectively; O, and O, are the standard deviations of
the cis-SNP or the genetically regulated expression (GReX),
respectively, both of which can be effectively estimated from
ancestry-matched reference panels such as the 1000 Genomes
project. The test statistic Z, asymptotically follows a standard
normal distribution; thus, its P value can be easily available for
evaluating the significance.
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In addition, because AN is a disorder pathologically relevant
to the brain and integrating eQTLs from tissues that are
mechanistically unrelated to the disease of interest might lead
to spurious associations [29], we therefore only selected eQTL
weights that were previously trained with genotypes and gene
expressions in 13 brain tissues from the GTEx Project when
performing metaXcan (Table 1) [19]. These pre-calculated
eQTL weights for all cis-heritable genes were publicly available
at http://predictdb.org/.

Colocalization analysis for discovered genes

We further implemented the colocalization analysis with
the COLOC package (version 3.2-1) to determine whether
these associations were driven by colocalized genetic variants
causally associated with both expression levels and AN or by
eQTLsin LD with distinct causal genetic variantsindependently
affecting expression levels and AN [30]. The eQTL association
results were publicly obtained from GTEx (version 7) [19]. For
each identified gene, we selected its cis-SNPs and abstracted
their P values from the eQTL studies and the AN GWAS, and
used the approximated Bayes factor method to calculate four
posterior probabilities for five hypotheses: P, corresponds
to the absence of eQTL and GWAS association; P, and P,
correspond to the presence of eQTL association but the
absence of GWAS association or vice-versa; P, corresponds to
the presence of eQTL and GWAS associations with independent
association signals; and P, corresponds to the presence of
eQTL and GWAS associations with shared association signal. P,

quantifies the linkage association which indicates the possible
contamination due to LD confounding, while P, measures the
colocalization association which is also known as pleiotropy
and is often more biological interest in practice [31].

Pleiotropic effects of associated genes with nine other
psychiatric disorders

We detected a total of 57 unique genes significantly
associated with AN. To explore the pleiotropy of these
genes to understand the common genetic background of
psychiatric disorders, we examined their associations with
nine other psychiatric disorders including schizophrenia (SCZ;
N=77,096) [32], Bipolar disorder (BIP; N=51,710) [33], obsessive
compulsive disorder (OCD; N=9,725) [34], posttraumatic
stress disorder (PTSD; N=174,659) [35], Tourette’s syndrome
(TS; N=14,307) [36], anxiety disorders (AD; N=17,526) [37],
autism spectrum disorder (ASD; N=46,350) [38], major
depression disorder (MDD; N=480,359) [39] and attention-
deficit/hyperactivity disorder (ADHD; N=53,293) [40]. We first
obtained summary statistics of these disorders from PGC. For
each disorder in turn, we implemented metaXcan with eQTLs
available from the 13 GTEx brain tissues and yielded a set of P
values for each gene across these tissues.

To combine tissue-specific association evidence, we applied
the aggregated Cauchy association test (ACAT) [41,42] and
generated a final P value for the gene for each of the nine
other psychiatric disorders. Specifically, assume there are

Table 1: Summary information of tissues in GTEx data sets for two AN GWAS data sets.

Tissues N M (PGC/UKB)
amygdala 88 2,310/2,347
anterior cingulate cortex (BA24) 109 3,234/3,285
caudate (basal ganglia) 144 4,099/4,148
cerebellar hemisphere 125 4,657/4,728
cerebellum 154 5,966/6,059
cortex 136 4,247/4,304
frontal cortex (BA9) 118 3,520/3,572
hippocampus 111 2,758/2,799
hypothalamus 108 2,772/2,804
nucleus accumbens (basal ganglia) 130 3,547/3,615
putamen (basal ganglia) 111 3,099/3,158
spinal cord (cervical c-1) 83 2,455/2,501
substantia nigra 80 1,987/2,027
Note: N: the total number of samples; M: the number of genes that converged when estimating the cis-SNP based heritability of gene
expression level: PGC: Psychiatric Genomics Consortium; UKB: UK Biobank.
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multiple P values for each gene obtained by integrating eQTLs
of K tissues after the use of metaXcan; we leveraged ACAT and
had

K
P=05 —arctan{T/(Z::la)k)}/n,T =Y @, tan{(0.5- P,)m}
k=1

where w, denotes non-negative weights for P, with
K . .
qua)k =1 .In our analysis equal weights were used. Note

that, as these P values of a given gene were generated with
the similar strategy of integrative analysis; therefore, they
were often highly correlated. Compared with the traditional
Fisher's combination method which is only suitable for
independent test statistics from various experiments, ACAT
has an appealing strength that it is robust against positive
correlation among test statistics can thus generate a well-
calibrated P value [41,42].

Enrichment analysis and protein-protein interaction
network

In order to understand biological processes and molecular
functions of the genes of focus and differential expression,
we conducted a functional enrichment analysis (e.g., gene
ontology (GO) and KEGG pathway) to explore functional
features for these identified genes using the clusterProfiler
package and DAVID (version 6.8; at https://david.ncifcrf.gov/).
We also carried out protein-protein interaction (PPI) analysis
for these genes to detect interaction and association in terms
of the Search Tool for the Retrieval of Interacting Genes/
Proteins database (STRING 11.0 at https://string-db.org/)
[43]. In the PPI analysis, each node represents one gene; the
undirected link between two nodes was an edge, denoting
the interaction between two genes. We determined signaling
pathways of significant genes through the Cytoscape software
and visualized them using CluePedia [44].

Results
Associated genes identified by integrating eQTLs

Using metaXcan by integrating eQTLs from 13 GTEx brain
tissues, we identified a total of 133 (57 unique) associated
genes with FDR (false discover rate) adjusted P value <0.05
after correcting multiple comparisons across all genes and
tissues (Supplementary Table 2). It should be first highlighted
that, with the current sample sizes of the GTEx study (Table 1),
the expressions of some associated genes were shown to be
cis-heritable across all the 13 brain tissues (e.g., HAUS4, MGMT,
NCKIPSD, RBM6, RPS26 and ZSCAN31), whereas other were only
cis-heritable in a few tissues or even a single tissue, including
MAPTLC3B2 in the brain caudate basal ganglia, SHISA5 in the
brain cerebellum, SPINK8 in the brain hippocampus, SLC26A6
in the brain hippocampus, UBA7 in the brain spinal cord
cervical c-1 and ZNF394 in the brain cerebellum.

Among these genes, 16 associations were detected in
the brain caudate basal ganglia, followed by the brain
frontal cortex BA9 and the brain hippocampus (both are
14 associations) (Supplementary Table 2). RPS26 had the
highest discovery frequency and was consistently identified
to be significant in the all 13 brain tissues (FDR-adjusted P
value ranging from 5.69x1073 in the brain nucleus accumbens
basal ganglia to 4.61x102in the brain spinal cord cervical c-1),
followed by MGMT in ten brain tissues (FDR-adjusted P value
ranging from 3.21x10* in the brain caudate basal ganglia to
2.61x1072in the brain substantia nigra). Most of these identified
genes were located within chr3 (53.4%=71/133), followed by
chr12 (18.0%=24/133). Functionally, most of these genes were
protein coding genes (86.5%=115/133).

We discovered that the Pearson’s correlation among the
Z-scores across the 13 brain tissues was not high (with an
average of 0.64 and ranging from 0.44 to 0.74), implying a
substantial functional heterogeneity in genetic foundation
of AN in distinct brain regions (Figure 1A). More than half of
these genes (e.g., ARIH20S, BSN-AS2, CCDC71, MST1, SEMA3F,
SLC26A6, and WDR6) were associated with an increasing risk
of AN (because of positive Z-scores) (Figure 1B). The direction
of effect sizes of the 57 unique genes was largely consistent
across tissues, except AMT, FAM212A, FBXO27, RP11-804H8.6,
and TAP2; whereas for these significant genes (FDR-adjusted
P<0.05), the direction of effect sizes was nearly the same in
different brain tissues, suggesting the consistent influence
of these genes across various brain regions. Among these,
we confirmed three genes (i.e.,, RPS26, NCKIPSD, and MGMT)
that were discovered in previous studies (Supplementary
Table 1). In addition, six genes on chr3 (i.e., ARIH20S, BSN-AS2,
CCDC71, SHISA5, SLC26A6 and WDR6) were close to rs9821797
(mapped to NCKIPSD) (Supplementary Figure 3), which was a
genome-wide significant genetic variant identified previously
[26].

Result of the colocalization analysis

In our colocalization analysis result (Supplementary Table
2), we found that there was only one LD-contaminated
association having P, larger than 50% (i.e., MGMT discovered
in Brain Cerebellum with P3=6O.8%).This finding indicated that
the rest associations were less likely driven by distinct genetic
loci in high LD and the resulting genes might be functional
genes underlying the AN relevant association. To be more
conservative, following the suggestion given in [21], we could
only keep the most promising genes with explicit evidence of
colocalization (P,>50%) for follow-up functional investigation.
Particularly, we observed that SUOX had P,>95% across
discovered tissues. In addition, two previous genes mentioned
above also had large a P, value (96.3% for RPS26 and 64.4% for
MGMT). The P, value for other remaining associations ranged
from 1.2% to 44.6% with an average of 4.9%.
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Figure 1: (A) Pearson’s correlation of Z-scores across the 13 brain tissues in the PGC-AN dataset. The color and the number in each cell indicate
the magnitude of correlation coefficients; (B) Heatmap of the Z-scores for the 57 significant genes. The color indicates the magnitude of the

Validating associations using GWAS summary statistics
of UK Biobank

We validated these identified genes in the PGC-AN dataset
using the UKB-AN summary statistics (Supplementary Table
3). Note first that, we did not observe a substantial inflation
in the summary statistics of the UKB-AN dataset (A, =1.01)
(Supplementary Figure 2B). In the UKB-AN dataset we
found the Pearson’s correlation of the Z-scores across these
brain tissues was slightly lower than that in the PGC-AN
dataset (ranging from 0.37 between spinal cord cervical
c-1 and amygdala to 0.69 between cerebellar hemisphere
and cerebellum, with an average of 0.58), again implying
the distinction in genetic foundation of AN among diverse

brain regions (Figure 2A). Moreover, we calculated Pearson’s
correlation of Z-scores between PGC-AN and UKB-AN in each
of the 13 brain tissues. The Pearson’s correlations were low to
moderate (the average correlation was only 0.21 across the 13
brain tissues, ranging from 0.19 in nucleus accumbens basal
ganglia to 0.23 in amygdala), suggesting the weak ability to
replicate the association signals discovered in the PGC-AN
dataset with the UKB-AN dataset (Figure 2B). Nevertheless,
we observed that the direction of effect sizes of significant
genes (e.g., HAUS4, RPS26, VAMP2, and ZNF394) was generally
consistent in the same brain tissue between the two datasets
(Figure 2C). Totally, based on the UKB-AN dataset, we
replicated 16 associations (9 unique) (P<0.05), including one
novel gene VAMP2 (Figure 2C). Note that, a significance level
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Figure 2: (A) Pearson'’s correlation of Z-scores across the 13 brain tissues for the UKB-AN dataset. The color and the number in each cell
indicate the magnitude of correlation coefficients; (B) Pearson’s correlation of Z-scores of the 13 brain tissues between PGC-AN and UKB-AN
datasets. (C) Heatmap of the Z-score of the UKB-AN dataset for the 57 genes identified in the PGC-AN dataset. The color of each cell indicates
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of 0.05 was employed in the validation stage where a more
relaxed criterion was often recommended.

Pleiotropic effects of these identified genes on nine other
psychiatric disorders

In order to examine the pleiotropic effects of these identified
genes identified from the PGC-AN dataset, we performed
anotherintegrative analysis for nine other psychiatric disorders
and aggregated association evidence from multiple brain
tissues into an overall association signal with ACAT [41,42]. Of
note, except for two genes (i.e., CTBP2 and SHISA5), all other
genes were present in at least one of the nine psychiatric
disorders. We discovered that 72.7% (=40/55) of associated
genes were also related to at least one of the nine psychiatric
disorders (P<0.05) (Supplementary Table 4 and Figure 3A).
For example, BSN-AS2 and CCDC71 were associated with six
psychiatric disorders (i.e,, BSN-AS2 was also associated with
ADHD (P=6.84x10°), ASD (P=1.01x102), BIP (P=4.09x103),

MDD (P=2.22x1073), SCZ (P=6.72x10?) and TS (P=2.18x1072)),
and MST1 and RBM6 were related to five psychiatric disorders.

Gene enrichment
interaction network

analysis and protein-protein

According to the result of DAVID, these identified genes were
enriched in 16 GO terms (Supplementary Table 5 and Figure
3C). Some genes were enriched in “synapse organization’,
“regulation of synapse organization’, “regulation of synapse
structure or activity” and “morphogenesis of an endothelium’.
Almost all the GO enrichments were associated to the synapse
function which was closely related to the pathology of AN
[43-45]. In addition, strong interactions were observed in
the PPI analysis, including VAMP2, STX19, and MST1, MSTIR,
SEMA3F, RNF123, UBA7, and FBX0O27 (Supplementary Figure
4), indicating the existence of complex functional network
among these genes.
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Discussion and Conclusion

In the present work we implemented a multiple-tissue
integrative analysis for anorexia nervosa to prioritize causal
genes. In total, 57 unique genes were identified to be
associated with AN. Particularly, in terms of the colocalization
analysis, SUOX could serve as a promising candidate gene
for further functional study. SUOX included a significant

GWAS hit rs2271194 with P=1.64x10% [22]. Functionally,
SUOX encodes sulfite oxidase and it was recently found that
the isolated sulfite oxidase deficiency was associated with
prenatal neurodevelopment of brain disruption [48]. Several
genetic variants located within SUOX were also identified to
be associated with schizophrenia [49]. These observations
provide evidence supporting the validity of our integrative
results.
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The subsequent functional analyses for these identified
genes showed that they had wide pleiotropic effects, implying
that there existed similar genetic components underlying
these psychiatric disorders, in line with previous findings [50].
We also found that these discovered genes were involved in
important biologically functional pathways that were relevant
to AN, suggesting that they could be treated as potential
biomarkers for early diagnosis or drug therapeutic targets.
We further validated our finding in an independent UKB-AN
dataset and replicated nine genes. The low repeatability may
be due to the much smaller effective sample size of the UKB-
AN dataset, which can undermine the power of our integrative
analysis.

Several limitations of our work should be mentioned. First,
the GTEx project cannot accurately account for cellular
heterogeneity and have small sample size [16-19], which may
reduce the power of the integrative analysis. Second, it has
been shown leveraging gene expression reference panels
from tissues that are less mechanistically related to diseases
of interest can lead to bias or spurious associations [29];
however, the true mechanism and tissues that are relevant to
AN are not completely known although we carefully selected
brain tissues in our integrative analysis. Third, more studies are
needed to evaluate the biological functions of these genes on
the risk of AN in the future.

In conclusion, our study identified multiple candidate genes
associated with AN by integrating eQTLs and summary
statistics, and would advance our understanding towards the
genetic foundation of AN.
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