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ABSTRACT
Objectives: To summarise SNP associations identified by genome-wide association studies
(GWASs) of anxiety disorders and neuroticism; to appraise the quality of individual studies, and
to assess the ancestral diversity of study participants.
Methods: We searched PubMed, Scopus, PsychInfo and PubPsych for GWASs of anxiety disor-
ders, non-diagnostic traits (such as anxiety sensitivity), and neuroticism, and extracted all SNPs
that surpassed genome-wide significance. We graded study quality using Q-genie scores and
reviewed the ancestral diversity of included participants.
Results: 32 studies met our inclusion criteria. A total of 563 independent significant variants
were identified, of which 29 were replicated nominally in independent samples, and 3 were
replicated significantly. The studies had good global quality, but many smaller studies were
underpowered. Phenotypic heterogeneity for anxiety (and less so for neuroticism) seemed to
reflect the complexity of capturing this trait. Ancestral diversity was poor, with 70% of studies
including only populations of European ancestry.
Conclusion: The functionality of genes identified by GWASs of anxiety and neuroticism deserves
further investigation. Future GWASs should have larger sample sizes, more rigorous phenotyping
and include more ancestrally diverse population groups.
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Introduction

Anxiety disorders (ADs) are a group of conditions char-
acterised by excessive and enduring fear, anxiety or
avoidance of perceived threats (Craske et al. 2017).
This group of disorders, which includes panic disorder
(PD), social anxiety disorder, specific phobia and gen-
eralised anxiety disorder (GAD), may involve underly-
ing dysregulation of the basic-threat response (Craske
et al. 2009). ADs are relatively common with a current
prevalence of about 7.3% (Baxter et al. 2013). These
disorders are associated with significant distress and
can culminate in serious disability. (Craske et al. 2017).

Neuroticism is one of the higher-order domains in
the five-factor model of personality and represents

individual differences in the tendency towards nega-
tive emotions or negative thoughts (Costa and Mccrae
1992; Goldberg 1993). Neuroticism is highly comorbid
with ADs clinically (Jylh€a and Isomets€a 2006), and
there is a significant genetic correlation between the
risk of ADs and neuroticism (previous studies suggest
a genetic correlation of about 0.8) (Hettema et al.
2004; Ohi et al. 2020) with neuroticism possibly repre-
senting an “endophenotype” of ADs and other psychi-
atric disorders (similar evidence exists for the major
depressive disorder) (Hettema et al. 2004; Kendler
et al. 2006; Wray et al. 2018)).

ADs and neuroticism have a considerable genetic
component, with a heritability of between 20 and
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40%, (Smoller et al. 2009). This genetic contribution is
complex, likely involving a large number of genes of a
small individual effect, coupled with gene-gene and
gene-environment interactions (Smoller et al. 2009).
Genome-wide association studies (GWAS) test large
numbers of SNPs for association with a given pheno-
type. GWAS, and more recently meta- and “mega”
-analysis of GWAS (in which collaborative groups col-
late data for joint analysis) is a powerful method for
detecting genetic associations for complex traits.

A growing number of GWASs have examined anx-
iety and anxiety-related traits, such as neuroticism, but
these have not been systematically summarised or
meta-analysed. Recent articles raise concern over the
persistent lack of ancestral diversity in GWAS, which
limits the accuracy and broader relevance of findings,
and threatens to exacerbate existing healthcare dispar-
ities as genomic medicine advances (Need and
Goldstein 2009; Popejoy and Fullerton 2016; Peterson
et al. 2019).

The aims of this review are to:

1. Summarise SNP associations identified by GWASs
of AD and neuroticism, combining results in a
meta-analysis, if appropriate.

2. Appraise the quality of individual studies and
assess the ancestral diversity of study participants.

Methods

The study protocol for this review was registered with
the international prospective register of systematic
reviews (PROSPERO protocol CRD42021118062).
PRISMA guidelines were used to identify relevant stud-
ies for inclusion (Page et al. 2021). We systematically
searched PubMed, Scopus, PsychInfo and PubPsych.
We also searched Web of Science and WorldCat for
grey literature and hand-searched the reference lists
of eligible studies for additional reports. All databases
were searched up to 2 June 2022. The following
search query was used for PubMed and modified
appropriately for other databases – no limits were
used: ((genome-wide association study OR genome-wide
association studies) OR (genome wide association study
OR genome wide association studies) OR (GWAS OR
GWA study OR GWA studies) OR ("Genome-Wide
Association Study"[Mesh]) OR (whole genome association
study OR whole genome association studies OR genome
wide association scan OR genome wide association
scans OR genome wide association analysis OR genome
wide association analyses)) AND ((anxiety disorder OR
anxiety disorders) OR (anxiety neurosis OR anxiety

neuroses OR anxiety neurotic) OR "Anxiety
Disorders"[Majr])). Given the high comorbidity and gen-
etic overlap between ADs and neuroticism, GWASs of
neuroticism were included in this review.

We merged our search results and removed any
duplicates. Next, abstracts not mentioning GWAS and
either anxiety disorders, anxiety traits, or neuroticism,
were removed. Two investigators then independently
screened the remaining full-text papers for eligible
studies (Figure 1). We included only GWASs of ADs,
non-diagnostic traits (such as anxiety sensitivity), and
neuroticism. Studies that were conducted exclusively
on animals, children under 16 years, not published in
English, or where data was only published in abstract
form (e.g. meeting or conference abstracts) were
excluded. Any disagreements were resolved via discus-
sion and input from a third investigator. We extracted
all SNPs that surpassed genome-wide significance
(p< 5� 10�8). Two investigators independently eval-
uated the risk of bias in each study using Q-genie, a
validated tool developed by McMaster University for
rating the quality of genetic association studies
(Sohani et al. 2016).

Results

Literature search

Our search identified a total of 2665 records and a
final 32 met the inclusion criteria (Table 1). All
included GWASs were published between 2008 and
2022. Sample sizes ranged from only 56 to over
400,000 participants. Studies published later generally
had larger samples sizes, likely due to the emergence
of large-scale population-based biobanks and consor-
tia (collaborations between multiple GWAS cohorts)
such as the UK Biobank (Okbay et al. 2016; Smith
et al. 2016; Lo et al. 2017; Luciano et al. 2018; Nagel
et al. 2018; Purves et al. 2019), 23andMe (Lo et al.
2017; Luciano et al. 2018; Nagel et al. 2018) and
Genetics of Personality Consortium (Genetics of
Personality Consortium 2015; Okbay et al. 2016; Lo
et al. 2017; Luciano et al. 2018; Nagel et al. 2018).
Genotyping was performed using Illumina, Affymetrix,
Perlegen or custom genotyping platforms. The mean
age range for all of the studies was between 13
and 81 years.

Studies varied significantly in terms of the pheno-
type used to capture anxiety. Some studies measured
quantitative traits (e.g. anxiety sensitivity) or combined
multiple different anxiety disorder cases under one
phenotype, assuming a degree of dimensionality to
the genetic architecture of anxiety (an underlying
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continuum of biological variance, with common fea-
tures that span multiple categories of anxiety dis-
order). Other studies took a categorical approach,
testing genetic association against diagnoses of spe-
cific disorders e.g. panic disorder. We intentionally
designed our inclusion criteria to capture both
approaches. Diagnoses were based on either DSM-IV
(American Psychiatric Association (APA) 2000), DSM-5
(American Psychiatric Association (APA) 2013) or ICD-
10 (World Health Organisation (WHO 1992) classifica-
tion systems. The CIDI (Composite International
Diagnostic Interview) (World Health Organisation
(WHO 2001) which can be administered by a lay per-
son, was the most commonly used interview tool,

either in full (CIDI-SC) or short-form (CIDI-SF). Other
tools used were SCID-5 (structured clinical interview
for DSM-5) (American Psychiatric Association (APA)
2013), SCAN (schedules for clinical assessment in
neuropsychiatry) (WHO 1994), or MINI (mini inter-
national neuropsychiatric interview) (Sheehan et al.
1997), which are designed for administration by psy-
chiatrists or psychologists. Other studies used screen-
ing tools (e.g. Generalised Anxiety Disorder 2-item or
GAD-2) (Spitzer et al. 2006), and self-administered
questionnaires (e.g. agoraphobic cognitions question-
naire) (Chambless et al. 1984), or self-report of previ-
ous diagnoses. Large-scale consortia went on to
combine multiple measures of anxiety using item-

Figure 1. Summary of methodology.
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Table 1. Genome-wide association studies for anxiety and neuroticism meet inclusion criteria.
Reference Study design Ancestry Sample size Phenotype – measurement tool

Shifman et al. 2008 GWAS European 2054 Neuroticism – Revised EPQR-N Scale
(23 items)

van den Oord et al. 2008 GWAS European 1227 Neuroticism – EPQR-N (12 item version)
Otowa et al. 2009 GWAS Japanese 400 (200 cases, 200 controls) Panic disorder – DSM-IV diagnosis via

MINI (mini international
neuropsychiatric interview) and
review of medical records

Calboli et al. 2010 GWAS European 2239 Neuroticism – EPQ-N
Terracciano et al. 2010 GWAS European 3972 Neuroticism – NEO-PI-R, administered by

trained psychologists
Aragam et al. 2013 GWAS European 2748 Quantitative neuroticism score based on

NEO 5 Factor Personality Index
(NEO-FFI)

de Moor et al. 2015 GWAS European 17375 Neuroticism – NEO-FFI or NEO-PIR
Erhardt et al. 2011 GWAS European 438 (216 cases, 222 controls) Panic disorder – DSM IV diagnosis by

trained psychiatrist using SKID-1 and
SKID-2 (structured clinical interviews
for DSM IV)

Gregersen et al. 2012 GWAS European 56 (13 cases, 43 controls) Panic disorder – ICD-10 diagnosis as per
"present state examination"

Luciano et al. 2012 GWAS and
meta-analysis

European 6268 Neuroticism – EPQR-N (short form),
International Personality Item Pool
Big-Five 50-item inventory

Otowa et al. 2012 GWAS and
meta-analysis

Japanese 2435 (718 cases, 1717 controls) Panic disorder – DSM-IV diagnosis
confirmed by MINI (mini international
neuropsychiatric interview) and
review of medical records

Kim et al. 2013 GWAS Korean 1089 Neuroticism – NEO-PI-R (neuroticism
scale), Korean short version, 18 items

Schosser et al. 2013 GWAS European 3110 Anxiety in MDD – Schedules for Clinical
Assessment in Neuropsychiatry
(SCAN) interview.

Otowa et al. 2014 GWAS European,
African American

1697 EA, 597 AA (case-control
GWAS); 2540 EA, 849 AA
(factor score GWAS)

Anxiety disorders – CIDI-SF with DSM-
based algorithms (GAD, panic attacks,
agoraphobia, social phobia, specific
phobia) – (1) cases (2) factor analysis-
derived continuous score

Davies et al. 2015 GWAS Not reported (Twins
UK registry)

730 Anxiety sensitivity – Anxiety Sensitivity
Index (16 item)

de Moor et al. 2015 Meta-analysis European 63661 Neuroticism – Item response theory
used to combine multiple
measurement tools

Okbay et al. 2016 GWAS and
meta-analysis

European 170910 (neuroticism cohort) Neuroticism – EPQ-N (12 item version)
in UK biobank, EPQ/NEO/international
personality item pool inventory
in GPC

Otowa et al. 2016 Meta-analysis European 18186 (factor score GWAS), 17310
(case-control GWAS)

Anxiety disorders (GAD, PD,
agoraphobia, social phobia, specific
phobia) – various measurement
instruments, DSM-based, (1) case-
control (2) quantitative phenotype
factor scores

Smith et al. 2016 GWAS and
meta-analysis

European 91370 (UK biobank GWAS),
106716 (meta-analysis)

Neuroticism – EPQ-R-S (short form)

Deckert et al. 2017 GWAS European 1370 Agoraphobia – ACQ (agoraphobic
cognitions questionnaire)

Dunn et al. 2017 GWAS Hispanic 12282 Generalised Anxiety disorder –
Spielberger Trait Anxiety inventory –
short-form – reponses used to create
GAD symptoms score based on
3DSM-V criteria

Kim et al. 2017 GWAS and
meta-analysis

Korean 5584 Facets of Neuroticism – Revised NEO
PI-R

Lo et al. 2017 GWAS and
meta-analysis

European 122867 Neuroticism – in 23andme sample: Big
Five Inventory (44 questions) in GPC-
1 sample: NEO-FFI; in GPC-2 sample:
harmonisation of multiple measures
using item response theory

Stein et al. 2017 GWAS and
meta-analysis

European, African
American, Latino

11268 (EUR cohort), 2622 (AFR
cohort), 3438 (LAT cohort)

Social Anxiety � 5 survey items in the
CIDI-SC

(continued)
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response theory. Neuroticism was measured in a more
standardised fashion: most studies used either the
revised EPQR-N (Eysenck Personality Questionnaire –
Neuroticism) scale (Eysenck and Eysenck 1975), the
revised NEO personality inventory (or five-factor index)
(Costa and Mccrae 1992), a shorter version or the Big
Five inventory (John et al. 2008).

Quality assessment

Nearly all (29/32) studies met Q-genie score standards
for good global quality (scores of over 45 for those
with control groups, and over 40 for those without).
Two studies were of moderate quality (scoring 42 and
45), and no studies were of poor quality. Notably,
while the studies had good global quality, many
scored poorly (<2/7) on two subsections: “sample size
and power” (3/32) and “selection and definition of the
outcome of interest” (10/32). A table of the Q-genie
scores for each study can be found in Table S1.

Diversity assessment

Most studies included populations of European des-
cent (23 of 32 studies (72%)), with the exception of 5
studies that included Hispanic, Latin American and/or
African American cohorts, 2 studies of Korean popula-
tions, and 2 studies of Japanese populations.
Compared to earlier studies, later studies had
improved representation of non-European populations

(only 18% included populations of non-European
ancestry before 2013, and 38% thereafter).

Genome-wide significant SNPs for anxiety

Nine studies identified SNPs significantly associated
with anxiety at the genome-wide level in the discov-
ery cohorts (Table 2). While none of the SNPs listed in
Table 2 were significantly associated with anxiety (at
genome-wide threshold p< 5� 10�8) in replication
cohorts, 7 SNPs were replicated at ‘nominal’ associ-
ation levels (p< 5� 10�3). These include two variants
(rs78726293 and rs191260602) in GLRB (glycine recep-
tor subunit beta) that were associated with agorapho-
bia (Deckert et al. 2017), two variants associated with
a ‘lifetime anxiety’ phenotype – one in an intergenic
region (rs10959883), and another (rs3807866) in the
gene TMEM106B (Transmembrane Protein 106B)
(Purves et al. 2019), and three variants associated with
a generalised anxiety phenotype – located in the
genes SATB1-AS1 (SATB1 Antisense RNA 1) (rs4390955),
ESR1 (Oestrogen receptor 1) (rs6557168), and near the
long noncoding RNA LINC01360 and LRRIQ3
(rs12023347) (Levey et al. 2020). One SNP, rs1067327,
located in an intronic region of CAMKMT, was associ-
ated with anxiety in both the Otowa et al. (2016)
GWAS (Otowa et al. 2016), and the Hettema meta-ana-
lysis (p< 5� 10�8) (Hettema et al. 2020). This is unsur-
prising given that these studies had overlapping
samples. Using gene-set enrichment analysis, Otowa

Table 1. Continued.
Reference Study design Ancestry Sample size Phenotype – measurement tool

Nagel et al. 2018 Meta-analysis European 449484 Neuroticism – EPQ-RS, Big5 personality
summary score, NEO-FFI in UK
biobank, 23andme and GPC samples
respectively

Luciano et al. 2018 GWAS and
meta-analysis

European 329821 Neuroticism – EPQN (12 item version)

Hettema et al. 2020 GWAS and
meta-analysis

European, Latino,
African American

16510 (STARRS meta-analysis),
28950 (EUR STARRSþANGST
meta-analysis), 34696 (full
STARRSþANGST meta-analysis)

Anxiety disorders (GAD, panic disorder,
phobias) – CIDI-SC answer items used
as proxy for lifetime GAD and panic
disorder, and phobias using screening
items and clinical information.

Meier et al. 2019 GWAS European 31880 (12655 cases,
19225 controls)

Anxiety and stress-related diagnoses –
ICD-10 diagnosis by psychiatrist

Purves et al. 2019 GWAS European 83566 (25453 cases, 58113
controls) – lifetime anxiety
disorder GWAS, 77124 (19 012
cases, 58 113 controls) –
current anxiety GWAS

Anxiety – (1) Lifetime anxiety disorder
(self-report, clinician-provided or
probable using DSM IV/CIDI) (2)
Current Anxiety Symptoms: GAD-7
with >/¼ 10/21

Baselmans et al. 2019 Meta-analysis European 582989 (neuroticism
meta-analysis)

Neuroticism – meta-analysis of 4 studies
(see Brice et al. 1993; Okbay et al.
2016; Bycroft et al. 2017; Lo
et al. 2017)

Levey et al. 2020 GWAS and
meta-analysis

European and
African American

199611 (GAD-2 GWAS), 224330
(self-report of physician
diagnosis GWAS)

Anxiety – GAD-2 (2 items) and self-
report of physician diagnosis

Forstner et al. 2021 GWAS and
meta-analysis

European 10240 (2248 cases, 7992 controls) Panic disorder – Lifetime diagnosis
(DSM III-R, DSM IV or ICD-10 criteria)
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et al. (2014) found significant associations between
anxiety disorders and four gene-ontology (GO) terms
(‘pattern specification process’, ‘cytokine binding’,
‘nucleoplasm’ and ‘transcription regulator activity’
(Table S2) (Otowa et al. 2014). However, these were
not tested in replication cohorts.

Genome-wide significant SNPs for neuroticism

A total of 12 GWASs and 8 meta-analyses have been
conducted for neuroticism, identifying 540 independ-
ent genome-wide significant loci (Table S3). Of the
over 14,000 total significant SNPs identified, 5850 sig-
nificant SNPs were reported in more than one study,
which is unsurprising given the considerable sample
overlap, with most studies drawing from one or more

of three major consortia: the UK Biobank, Genetics of
Personality Consortium and 23andme (Table S4). SNPs
reported in more than two studies are available in our
supplementary materials (Table S4).

Only three of the GWASs reviewed here included
replication cohorts in their study (Genetics of
Personality Consortium 2015; Lo et al. 2017; Luciano
et al. 2018). From these, three SNPS (rs6981523 (Lo
et al. 2017), rs2953805 and rs6982308 (Luciano et al.
2018)) were replicated at the genome-wide level, and
21 SNPs were replicated at a nominally significant
level (p< 0.05) (Table S5).

The variant rs6981523 is located on chromosome
8p23.1, a region containing a well-known inversion
polymorphism. This SNP was found to be significant in
both the 23andme/Genetics of Personality Consortium

Table 2. SNPs are significantly associated with anxiety at the genome-wide level.

Study Phenotype
Subgroup

(if relevant)a Variant Chr P value Location Gene

Otowa
et al. 2009

Panic disorder NA rs860554 1 4.60� 10�8 Intronic PKP1
rs12579350 12 3.73� 10�9 Intronic TMEM16B

Davies
et al. 2015

Anxiety sensitivity NA rs13334105 16 4.39� 10�8 Exonic RBFOX1 gene

Otowa
et al. 2016

Anxiety disorders
(GAD, PD,
agoraphobia, social
phobia,
specific phobia)

Case-control rs1709393 3 1.65� 10�8 Intronic LOC152225
Factor score rs1067327 2 2.86� 10–9 Exonic CAMKMT

Stein et al. 2017 Social anxiety African American rs78924501 1 3.58� 10�8 Intronic Downstream from
CCBL2/ KYAT3

European rs708012 6 1.55� 10�8 30 UTR –
Deckert

et al. 2017
Agoraphobia NA rs78726293 4 3.3� 10�8 Intronic GLRB

rs191260602 2 3.9� 10�8 Intronic GLRB
Dunn et al. 2017 Generalised

anxiety disorder
NA rs78602344 6 4.18� 10�8 Intronic THBS2

Purves
et al. 2019

Anxiety disorders Lifetime anxiety rs10959883 9 2.9� 10�11 intergenic –
rs1187280 9 6.6� 10�9 Intron NTRK2
rs4855559 3 3.7� 10�8 Intron Myosin Heavy Chain 15
rs2861139 5 2.6� 10�9 Intergenic –
rs3807866 7 4.8� 10�8 50 upstream TMEM106B

Current anxiety rs17189482 9 4.2� 10�9 Intergenic –
Hettema

et al. 2020
Anxiety disorders

(GAD, panic
disorder, phobias)

ANGSTþ EUR
STARRS

rs1067327 – 2.15� 10�10 Intronic CAMKMT
rs1067394 – 9.08� 10�11 Intronic CAMKMT

Levey
et al. 2020b

Generalised anxiety GAD-2 score, EA rs4603973 3 6.18� 10�11 Intronic SATB1-AS1
rs4390955 3 7.78� 10–11 Intronic SATB1-AS1
rs6557168 6 1.33� 10�9 Intronic ESR1
rs12023347 1 8.88� 10�9 Intergenic Near long noncoding RNA

LINC01360 and LRRIQ3
rs56226325 7 2.01� 10�8 Intronic MAD1L1
rs6090040 20 3.28� 10�8 Intronic In and around TCEA2,

RGS19 and
OPRL1 genes

GAD-2 score, AA rs575403075 7 2.82� 10�8 Intergenic Near TRPV6
Case-control

score, EA
rs35546597 17 1.88� 10�8 Intergenic Near AURKB
rs10534613 7 4.92� 10�8 Intron IQCE

aFor studies where significant SNPs were identified in GWASs conducted in separate samples based on either population group or phenotype measure.
bChr: chromosome; PKP1: Plakophilin 1; TMEM16B: transmembrane protein 16B; RBFOX1: RNA binding fox-1 homolog 1; GAD: Generalised Anxiety dis-
order; PD: panic disorder; CAMKMT: Calmodulin-Lysine N-Methyltransferase; KYAT-3: Kynurenine Aminotransferase 3; GLRB: Glycine Receptor Beta; THBS2:
thrombospondin 2; NTRK2: Neurotrophic Receptor Tyrosine Kinase 2; TMEM106B: Transmembrane protein 106B; ANGSTþ EUR STARSS: Anxiety
Neurogenetics Studyþ European Study to Assess Risk and Resilience in service members; GAD-2: Generalised anxiety disorder 2-item; EA: European
American; AA: African American; SATB1-AS1: SATB1 Antisense RNA 1; ESR1: Oestrogen Receptor 1; LINC01360: Long Intergenic Non-Protein Coding RNA
1360; LRRIQ3: Leucine Rich Repeats And IQ Motif Containing 3; MAD1L1: Mitotic Arrest Deficient 1 Like 1; TCEA2: Transcription elongation factor A protein
2; RGS19: Regulator Of G Protein Signalling 19; OPRL1: Opioid Related Nociceptin Receptor 1; TRPV6: Transient Receptor Potential Cation Channel
Subfamily V Member 6; AURKB: Aurora Kinase B; IQCE: IQ Motif Containing E.
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(Lo et al. 2017) and UK Biobank (Luciano et al. 2018)
studies, as well as a 2019 meta-analysis of 4 studies
(Baselmans et al. 2019).

Notably, excepting the 23andme/GPC meta-analysis
(n¼ 112867) (Lo et al. 2017), which included a large
sample from the UK biobank (n¼ 91370) for replica-
tion analysis, replication samples were far smaller than
their discovery samples. They were thus unlikely to
confirm SNP associations for neuroticism, given the
small effect sizes of these associations.

Two studies identified significant associations
between neuroticism and gene ontology terms or
pathways, and one between neuroticism ‘facets’ and
gene ontology terms (Table S2). No pathways were
tested in replication cohorts. Gene set analysis impli-
cated ‘neurogenesis’ and ‘neuron differentiation’ with
neuroticism in two overlapping samples: a combined
sample from the UK Biobank, Genetics of Personality
Consortium and 23andme (p¼ 4.43� 10�9 and
3.12� 10�8, respectively (Nagel et al. 2018)), as well as
in a large UK Biobank sample (p values of 5.35� 10�7

and 2.36� 10�7(Genetics of Personality Consortium
2015), respectively).

Discussion

In this review of GWASs of anxiety and neuroticism,
the main findings were 1) a total of 26 variants were
identified for ADs, of which 7 were replicated nomin-
ally, but none were replicated significantly, 2) a total
of 540 independent variants were identified for neur-
oticism, of which 21 were replicated nominally, and 3
were replicated significantly 3) the studies had good
global quality, but many smaller studies were under-
powered and ancestral diversity was poor, with 72%
of studies including only populations of
European ancestry.

The variants significantly associated with anxiety
were two non-coding SNPs, rs78726293 and
rs191260602, located in GLRB. These variants were
specifically associated with ‘agoraphobic cognitions’
(an anxiety phenotype based on the Agoraphobic
Cognitions Questionnaire (Chambless et al. 1984)) and
replicated at nominal association levels in a larger
sample (Deckert et al. 2017). Rare GLRB mutations
have been previously associated with hyperekplexia –
a neurological disorder characterised by an exagger-
ated startle reaction and agoraphobic behaviour (Al-
Owain et al. 2012). In a post-GWAS analysis, healthy
volunteers carrying GLRB risk alleles showed increased
startle reactivity and impaired startle habituation in a
startle reflex paradigm. These GLRB-carrying individuals

also showed increased activation of the fear network
on fMRI and increased skin conductance in response
to conditioned stimuli. The authors postulated
increased startle responses as a basic mechanism
underlying defensive reactivity (responding negatively
to threats) in agoraphobic behaviour (Deckert et al.
2017). In addition, partial GLRB knockout resulted in
agoraphobic behaviour in a mouse model (Deckert
et al. 2017).

A variant (rs3807866) in the gene TMEM106B was
significantly associated and nominally replicated with
lifetime anxiety (Purves et al. 2019). Increased expres-
sion of TMEM106B has been associated with lysosomal
enlargement and cell toxicity, which plausibly medi-
ates fear learning via neurotoxicity, a link which has
been demonstrated in mice (Jing et al. 2015). It has
also previously been associated with depression,
which is highly comorbid with anxiety and likely
shares some genetic overlap with this disorder
(Waszczuk et al. 2014; Wray et al. 2018; Purves
et al. 2019).

A GWAS of GAD-2 scores in a large European
American population found significantly associated
variants in and around SATB1 and the antisense gene
SATB-AS1, which were replicated at nominal associ-
ation levels in an independent sample (Levey et al.
2020). SATB1 is a global regulator influencing multiple
genes involved in neuronal development including
corticotropin releasing hormone (CRH), which modu-
lates our stress response via the HPA axis (Balamotis
et al. 2012). In the same study, significantly associated
variants were identified near ESR1 and were replicated
at nominal association levels. ESR-1 encodes the ESR1
receptor, an intracellular receptor that is activated by
the sex hormone oestrogen. This receptor has been
studied extensively in rodents, where it appears to
modulate an anxiogenic affect (Borrow and
Handa 2017).

Several significant variants were identified near the
LINC01360 and LRRIQ3 loci and were replicated in a
major depressive disorder (MDD) cohort (Levey et al.
2020). As with TMEM106B, this finding may speak to
the high co-morbidity rates and shared genetic influ-
ences between anxiety and depression (Waszczuk
et al. 2014). LINCO1360 is a long non-coding (RNA)
that is likely to have a role in the pathogenesis of
MDD as shown in a recent study of Alu insertion poly-
morphisms at nearby genetic risk loci, that reduce the
genetic risk of MDD and increase expression of this
RNA (Liu et al. 2020). LINCO1360 is preferably
expressed in testis, and its mechanistic link to MDD or
anxiety is unclear (Liu et al. 2020). LRRIQ3 encodes a
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protein containing a leucine-rich repeat (LRR) domain,
and IQ motif protein 3, which is a component of cal-
cium channels and is likely involved in cell-cell com-
munication (Bella et al. 2008). Variants in the region of
LRRIQ3 have been previously associated with chronic
pain (Johnston et al. 2019), schizophrenia
(Schizophrenia Working Group of the Psychiatric
Genomics Consortium 2014), neurodevelopmental dis-
orders (Reuter et al. 2017), and migraine (Gormley
et al. 2016). How these variants may functionally relate
to anxiety and to these neurological psychiatric disor-
ders, has yet to be explored.

A variant in the CAMKMT gene was associated with
anxiety in two meta-analyses with overlapping sam-
ples (Otowa et al. 2016; Hettema et al. 2020). CAMKMT
codes for an enzyme (a class I protein methyltransfer-
ase) that is involved in the formation of trimethylly-
sine, an amino acid in calmodulin, which is involved in
calcium-dependent signalling (Magnani et al. 2010).
Mice with mutant forms of this gene have demon-
strated deficits in motor learning, complex coordin-
ation, and interestingly, learning of aversive stimuli,
implicating CaM methylation as a likely required step
in fear learning (Haziza et al. 2015). Differential fear
learning behaviours or fear conditioning responses are
associated with an increased risk of anxiety disorders
(Duits et al. 2015).

Several interesting candidate genes were identified
for neuroticism. The variant rs2953805, located in the
gene U3, which was significantly associated with neur-
oticism in the UK biobank and replicated in an inde-
pendent sample, has previously been associated with
the morning chronotype (Hu et al. 2016). The morning
chronotype or ‘morningness’ trait is associated with
lower neuroticism scores, likely due to a common bio-
logical basis as well as a dynamic bidirectional feed-
back loop: individuals that are more neurotic are likely
to have poorer sleep secondary to higher stress levels
and lower emotional regulation. As a result of this,
poor sleep patterns disrupt emotional regulation
which in turn increases levels of neuroticism (Duggan
et al. 2014). Another variant, which was significantly
associated with neuroticism in the UK biobank, and
replicated in an independent sample, is located in the
MRSA gene (Luciano et al. 2018). This gene codes an
antioxidant enzyme implicated in protection against
oxidative stress and protein maintenance and has pre-
viously been associated with schizophrenia (Walss-Bass
et al. 2009). Three meta-analyses reported significantly
associated SNPs spanning an inversion polymorphism
on chromosome 17 (Okbay et al. 2016; Smith et al.
2016; Nagel et al. 2018). Several candidate genes span

this region: CRHR1 (corticotropin-releasing hormone
receptor 1) triggers the downstream release of the
hormone cortisol in the presence of CRH, thus playing
an important role in the body’s stress response.
CHRHR1 has previously been shown to play a role in
anxiety-related behaviours in mice and has been gen-
etically associated with panic disorder in humans
(Weber et al. 2016). Another gene in this region is
MAPT, which encodes microtubule-associated protein
Tau. Tau is present in the post-synaptic compartments
of many neurons (Ittner et al. 2010) and MAPT knock-
out in mice leads to defects in hippocampal long-term
depression, as well as mild network-level alterations in
brain function (Cantero et al. 2011; Kimura et al. 2014).
; Another variant, located in a well-known inversion
polymorphism on chromosome 8 (rs6981523), was sig-
nificantly associated with neuroticism in a large
European sample and replicated at nominal associ-
ation levels in the UK Biobank (Genetics of Personality
Consortium 2015). Significantly associated SNPs in this
region were also reported in three additional meta-
analyses. The region houses multiple genes related to
innate immunity and the nervous system and may be
involved in susceptibility to cancer and developmental
neuropsychiatric disorders (Tabar�es-Seisdedos and
Rubenstein 2009). The nearest gene to rs6981523 is
XKR6, which was also significantly associated with
neuroticism in a gene-based analysis of neuroticism in
the UK Biobank, and has previously been associated
with schizophrenia (Walss-Bass et al. 2009; Luciano
et al. 2018). Finally, the pathways ‘neurogenesis’ and
‘neuron differentiation’ were significantly associated
with neuroticism in two large samples (Luciano et al.
2018; Nagel et al. 2018). Reduction in adult neurogen-
esis has previously been proposed as a mechanism for
depression and to a lesser extent, anxiety (Lucassen
et al. 2015).

While the global quality of our included studies
was good, studies tended to score poorly on specific
sections of the Q-genie score. For example, many of
the smaller studies were underpowered. Small sample
sizes in the GWAS context greatly increase the chan-
ces of type II error, especially when studying complex
disorders like anxiety, where each genetic association
is likely to be of a small overall effect size. This may
explain why only 17 of the 32 included studies
reported significant findings. While the newer studies
in this review, which were able to draw from large
databases such as the Psychiatric Genomics
Consortium and the UK Biobank, had more success,
gaining a full picture is likely to require even larger
sample sizes, possibly in the millions (Smoller 2020).
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The studies also generally had poorly defined and
heterogenous phenotypes, which may obscure the
meaningfulness of significantly associated variants.
Defining and measuring phenotypes for anxiety poses
significant challenges from a genetic perspective. The
clinical criteria for anxiety disorders have changed
over time, and the boundary between normal and
pathological anxiety is unclear. The likely picture is of
a large common underlying genetic susceptibility that
expresses itself across diagnostic boundaries, in com-
bination with smaller groups of genes that contribute
to specific disorders e.g. agoraphobia (Smoller 2020).
Genetic susceptibility to anxiety can thus be studied
by looking either for anxiety-related traits (e.g. anxiety
sensitivity), specific disorders, or ADs generally. In add-
ition, there is a multitude of tools of varying rigour
that can be used to measure these traits and disor-
ders. As seen in this review, some of the larger studies
of anxiety and neuroticism have sacrificed rigorous
phenotyping to gain sample size. Notably, phenotype
definitions were generally much more homogenous in
studies on neuroticism than on anxiety. This is likely
because only a few standardised questionnaires exist
for measuring personality, and these self-report tools
are regarded as more or less the gold standard.

With a few exceptions, most of the reviewed stud-
ies only included European populations, limiting the
generalisability and scope of the findings (Otowa et al.
2009; Kim et al. 2013; Otowa et al. 2014; Dunn et al.
2017; Stein et al. 2017; Hettema et al. 2020; Levey
et al. 2020). This reflects global trends in genomic
research. Nevertheless, several significant SNPs associ-
ated with anxiety/neuroticism were identified in popu-
lations of diverse ancestry, including rs860554 and
rs12579350 in a Japanese sample (Otowa et al. 2009),
rs78924501 (Stein et al. 2017) and rs575403075 (Levey
et al. 2020) in African American samples, rs78602344
(Dunn et al. 2017) in a Hispanic sample, and rs136001
in a Korean sample (Kim et al. 2017), although none
were replicated in independent datasets. Recent initia-
tives are now starting to collect genetic data for
African and Latin American participants with psychi-
atric disorders (Stevenson et al. 2019; Gulsuner et al.
2020; Camarena et al. 2021).

Our systematic review has several limitations. First,
we only included studies published in English and
those that were publicly available, and so cannot
exclude publication bias. We attempted to limit this
bias by searching the grey literature. Secondly, we
were unable to combine any results in meta-analysis
due to substantial heterogeneity between studies, as
well as overlapping samples, and limited access to

results from some of the GWASs. However, we have
presented a comprehensive list of variants we think is
important for follow-up. We recommend that future
studies should perform integrative analyses to further
explore the functionality of the identified variants,
such as in the recent TWAS (transcriptome-wide asso-
ciation analyses) of anxiety traits (Su et al. 2021).

Many of the genetic regions identified present new
biological candidates that may improve our under-
standing of anxiety pathophysiology. Future GWASs of
anxiety should have larger sample sizes, more rigorous
phenotyping and should include ancestrally diverse
population groups. Further, the functionality of the
identified variants needs to be investigated.
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