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Large- scale whole- exome sequencing association study 
identifies FOXH1 gene and sphingolipid metabolism pathway 
influencing major depressive disorder

Major depressive disorder (MDD), the most common mental illness, 
is closely associated with physical and mental disability.1 Twin stud-
ies have shown that genetic factors are able to explain 30– 40% of 
the variation in MDD.2 To date, genome- wide association study 
(GWAS) has identified hundreds of susceptibility risk loci of MDD.3 
However, studies of common genetic variations have estimated 
that the single genetic polymorphism (SNP)- based heritability was 
only approximately 9– 10%, reflecting a serious missing heritability 
problem.

Large sample size and precise description of clinical phenotype 
are two key points in identification of credible loci of psychiatric dis-
ease. However, strict clinical phenotypic inclusion criteria tend to 
limit the scale of sample collection. Several studies of rare variants 
based on whole- exome sequencing (WES) with small sample size 
have been conducted to explore the risk loci of MDD.4,5 However, 
the contribution of rare variants to the risk of MDD is not com-
pletely understood. Hence, a rare variant- based association study 
with larger sample size and more strictly defined MDD is necessary.

In this study, we analyzed a cohort of 16,702 samples, including 
exomes data from 5,508 patients with MDD from UK biobank, which 
was released in October 2020. We defined and selected individuals 
who had both lifetime MDD and current MDD according to the de-
scriptions of Cai et al.6 The basic characteristics of participants are 
shown in Data S1. Data acquisition was conducted based on the UK 
Biobank Application #34716. Written consent was acquired for all 
participants.

The protocol of WES production and quality control (QC) we 
used had been described in Van Hout et al.7 Protein- altering single 
nucleotide rare (MAF <1%) variants (including missense, splice site, 
stop gain, start loss, and stop loss) were retained to assess whether 
there were significant enrichment differences in these variants 
through gene- based and set- based analysis. Weighted recursive 
truncated negative- binomial regression (RUNNER), a novel gene- 
based analysis, was also used to detect additional genes that were 
associated with risk of MDD.8 ToppGene, an online tool, was used to 
prioritize the significance of novel candidate genes from a reported 

MDD- related genes list (Data S2). One thousand six hundred and 
four gene sets from Reactome V7.4 database and ten brain- specific 
expression gene sets were selected to perform set- based analysis. 
The threshold of significance of the association was defined as FDR 
p value = .05. Age was tested by means of the t test with normal dis-
tribution. Chi- square test was performed to compare the frequency 
difference in sex, smoking status, usage of alcohol, and ethnicity be-
tween the MDD case group and controls by R version 4.1.0.

In this study, there were no significant differences of distribu-
tion in age and sex between MDD group (N = 5508) and control 
group (N = 11,194), as shown in Data S1. Fifteen genes were found 
to be significantly associated with risk of MDD (Data S3). We discov-
ered and prioritized 7 candidate causal genes of MDD, which were 
MAPK10, FOXH1, DLGAP3, ARID5B, ASXL2, and MED13 (Table 1). We 
also found that 4 gene sets were significantly associated with MDD 
(Table 2). In addition, the top gene set was found to be involved with 
sphingolipid metabolism (FDR p value = 1.76 × 10−4). Remarkably, 
the synonymous variants in genes from the significant gene set 
mentioned above did not appear to have significant association with 
MDD (Data S4).

FOXH1 was a candidate risk gene of MDD that was identified by 
two burden analysis and candidate gene prioritization analysis in this 
study. FOXH1 encodes xenopus forkhead activin signal transducer- 1 
and is highly expressed in the brain. FOXH1 plays an important role 
in TGF- beta signaling pathways. It has been reported that TGF- beta 
pathways modulated psychiatric disorders.9 Further, our results were 
in consistence with previous studies, which have shown that there 
were significant correlations between changes in sphingolipid metabo-
lism and anxiety- like behavior in female rates.10 Moreover, the result of 
set- based analysis showed that genes in hypothalamus region were as-
sociated with MDD. In fact, hypothalamic- pituitary- adrenal (HPA) axis 
abnormalities play an important role in the associations of MDD risk.11

In conclusion, our study identified several candidate risk genes 
of MDD and the sphingolipid metabolism pathways were associated 
with MDD. While the anatomic substrate in MDD remains unclear, our 
findings provide important insight into the molecular basis of MDD.
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