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Abstract

Anxiety Disorders (ANX) such as panic disorder, generalized anxiety disorder, and phobias,

are highly prevalent conditions that are moderately heritable. Evidence suggests that DNA
methylation may play a role, as it is involved in critical adaptations to changing environments.
Applying an enrichment-based sequencing approach covering nearly 28 million autosomal

CpG sites, we conducted a methylome-wide association study (MWAS) of lifetime ANX in
1,132 participants (618 cases/514 controls) from the Netherlands Study of Depression and
Anxiety. Using epigenomic deconvolution, we performed MWAS for the main cell types in
blood: granulocytes, T-cells, B-cells and monocytes. Cell-type specific analyses identified 280
and 82 methylome-wide significant associations (g-value<0.1) in monocytes and granulocytes,
respectively. Our top finding in monocytes was located in ZAVF823 on chromosome 19
(p=1.38x10719) previously associated with schizophrenia. We observed significant overlap
(p<1x10796) with the same direction of effect in monocytes (210 sites), T-cells (135 sites), and B-
cells (727 sites) between this Discovery MWAS signal and a comparable replication dataset from
the Great Smoky Mountains Study (N=433). Overlapping Discovery-Replication MWAS signal
was enriched for findings from published GWAS of ANX, major depression, and post-traumatic
stress disorder. In monocytes, two specific sites in the £ZR1 gene showed significant replication
after Bonferroni correction with an additional 15 nominally replicated sites in monocytes and 4 in
T-cells. FZR1 regulates neurogenesis in the hippocampus, and its knockout leads to impairments
in associative fear memory and long-term potentiation in mice. In the largest and most extensive
methylome-wide study of ANX, we identified replicable methylation sites located in genes of
potential relevance for brain mechanisms of psychiatric conditions.
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Anxiety and fear are normal emotional responses to potential or actual threat. In anxiety
disorders (ANX), these responses are dysregulated, i.e., exaggerated or prolonged, in

a manner that is disturbing to one’s life. The five major adult ANX are generalized

anxiety disorder (GAD), panic disorder, and phobias (social phobia, agoraphobia, and
specific phobia). ANX are among the most common mental disorders with a twelve-month
prevalence estimated around 20% in the US (1). High comorbidity within ANX and with
closely related disorders like major depressive disorder (MDD) complicates investigating
their patho-etiologies. Like most medical conditions, the etiology of anxiety and related
disorders derives from a combination of genetic and environmental factors (2). Our
understanding of the genomic mechanisms of ANX lags somewhat behind that of other
mental illnesses like schizophrenia (3) and MDD (4, 5) for which several large power GWAS
have identified many susceptibility genes. A few modestly powered GWAS of ANX have
reported a limited number of associated loci (2), most of which have not yet been replicated
or further investigated.

Environmental factors also contribute to ANX and may interact with genetics to confer risk
for ANX. Epigenetics has a central function in gene-environment interplay, and research has
shown a link between epigenetic modifications and other mental illnesses (6). Epigenetic
modifications effect gene regulation without altering the underlying nucleotide sequence.
The most studied epigenetic modification in humans is DNA methylation, which involves
the addition of a methyl group to the carbon 5 position of cytosine and, in blood, is almost
exclusively found in the sequence context CpG. As DNA methylation is influenced by
environmental triggers and changes over time and across tissues and cells, it likely plays

a role in adaptations to changing environments (7) and thus may confer risk for ANX by
invoking a maladaptive response to environmental triggers (8). Mechanisms by which DNA
methylation influences ANX and other stress-related disorders are reviewed by Schiele et al.

(8).

Similar to the history of genetic association studies, DNA methylation research in psychiatry
began with candidate gene studies. Several candidate genes have been examined for
methylation differences in association with ANX (MAOA, GAD1, OXTR, SERT, etc.) with
varying levels of rigor and reproducibility (Schiele 2020). Only a handful of methylome-
wide association studies (MWAS) have targeted ANX (Table S1) with most of the studies
focusing on panic disorder. A MWAS in 48 panic disorder cases and an equal number of
controls identified 40 methylome-wide significant sites but did not conduct a replication
(9). A gender-stratified MWAS of panic disorder had no significant findings for males

but had one significant finding for females located in HECA that was replicated in an
independent sample and linked to mRNA expression in blood (10). However, another study
in 57 panic disorder cases with matched controls found no methylome-wide significant sites
(11). A study of social anxiety disorder in 66 cases and 77 controls found two significant
differentially methylation regions in SLC43A1 and TNXB(7). The remaining two studies
conducted MWASs of generalized anxiety disorder symptoms in population-based samples
where they identified and replicated findings in STK32B8(12) and ASB1 (13), respectively.
Of note, these studies all used methylation arrays that capture a very small fraction (~5%)
of the variable methylation sites in humans. While four of the ANX-associated sites were
replicated in an independent sample, none of these novel candidates are reported across
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more than one study, suggesting that larger samples with more power are needed to obtain
stable, reliable findings.

Methylation is known to be cell-type specific with different cell types potentially having
different methylation profiles. However, methylation studies, including previous studies

of ANX, are typically conducted in bulk tissue (e.g., whole blood). Measures of DNA
methylation in, for example, whole blood reflect the average DNA methylation across

all blood cell types. This average will be affected by the cell-type composition of the
sample, which can vary between individuals. If cell-type proportions also differ between
cases and controls, the DNA methylation sites that differ across cell-types will tend to
become associated with cases status. Thus, cell-type proportion estimates are included in
bulk tissue MWAS to guard against false positive results due to differences in the overall
cell-type composition and are not cancelling out disease-associated effects (14, 15). But,
many potentially important cell-type specific associations may be missed by focusing only
on bulk tissue. (16). Association signals may be diluted or potentially eliminated if effects
have opposite directions in different cell-types or involve a single cell type. Further, as
results in bulk tissue are driven by the most common cell-types, effects from low abundance
cells may be missed altogether. Additionally, knowing which specific cells have effects is
integral for the biological interpretation and essential for designing follow-up experiments.

Here, we conduct a cell-type specific human MWAS of ANX by leveraging existing data.
Phenotypic data came from a clinically interviewed, depression case-control sample. To
study possible cell-type specific effects, we used an epigenomic deconvolution strategy to
perform MWASs for cell populations of granulocytes, T-cells, B-cells and monocytes, the
main cell types found in whole blood. We used a sequencing-based approach that provides
nearly complete coverage of all 28 million autosomal CpGs in the human genome (17) to
avoid missing methylation sites of possible importance not present on microarrays. We then
replicated our findings in an independent sample. We also attempted to replicate significant
findings from published ANX MWAS in Table S1. Finally, we explored the genomic and
biological underpinning of top results through enrichment testing with published genome-
wide associated study (GWAS) of anxiety and related traits, and through pathway analysis.

Materials & Methods

Discovery

The methylation data was previously generated for DNA extracted from blood samples
from 1,132 individuals from the Netherlands Study of Depression and Anxiety (NESDA)
(18, 19). Lifetime ANX was diagnosed using the DSM-1V based Composite International
Diagnostic Interview (CIDI version 2.1) (20) that was administered by specially trained
research staff. Cases (N = 618) could have either panic disorder, social phobia, agoraphobia
or generalized anxiety disorder. Specific phobia was not assessed. Due to the design of
the original methylation study (18), all ANX cases also had comorbid MDD. Controls (N
= 514) did not have an anxiety disorder; however, controls could have MDD. Participants
provided written informed consent and the study was approved by ethical committees at
all participating locations. Table 1 provides details about the demographic and clinical
characteristics of participants in the present study.
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Assaying the Methylome

To achieve near-complete coverage of the human methylome (21), we used an optimized
protocol for MBD-seq (17, 22) . Briefly, genomic DNA was sheared into, on average,

150 bp fragments using the Covaris™ E220 focused ultrasonicator system. MethylMiner™
(Invitrogen) was used to capture the methylated fraction of the genome. MethylMiner
specifically captures methylated CpGs (21), and, in contrast to bisulfite-based approaches,
MethylMiner does not capture hydroxymethylation. Next, dual-indexed sequencing libraries
for each methylation capture were prepared using the Accel-NGS® 2S Plus DNA Library
Kit (Swift Biosciences). Ten libraries were pooled in equal molarities and sequenced with 75
cycles (i.e., 1 x 75 base pair reads) on a NextSeg500 instrument (Illumina).

Data Processing & Methylation Score Calculation

Sequence reads were aligned to the human reference genome (hg19/GRCh37) using
Bowtie2 (23). RaMWAS (24) was used for quality control. Details of the quality control
have been previously described elsewhere (18, 19) but involved quality control on the
sequencing read, CpG and participant levels. Similar to GWAS where SNPs are excluded
based on minor allele frequency, we excluded sites that were sporadically methylated. Using
a non-parametric estimate of fragment size distribution, methylation scores were calculated
by estimating the number of fragments covering each CpG (25). These scores provide a
quantitative measure of methylation for each individual at that specific site (21). After
quality control, 21,868,402 autosomal CpGs remained for testing.

Methylome-wide Association Study (MWAS) in Whole Blood

With RaMWAS (24), we performed MWAS testing in whole blood using multiple regression
analyses that included the following covariates: measured technical variables such as

batch and methylation enrichment efficiency (24), demographic variables for age and sex,
estimated cell-type proportions (14), smoking status (yes/no; current use of cigarettes)

and depressive disorder (yes/no; DSM-1V-based diagnosis) status as covariates. Principal
component analysis was performed on the covariate-adjusted methylation data to capture
any remaining unmeasured sources of variation. After performing a Scree test, three
principal components were included in the final whole blood MWAS.

A false discovery rate approach (FDR) was used to account for multiple testing with a FDR
threshold of 0.1 used to declare methylome-wide significance. Operationally, the FDR was
controlled using g-values that are FDRs calculated using the p-values of the individual tests
as thresholds for declaring significance (26). We chose a g-value of 0.1 as the threshold
because it offers a reasonable balance between controlling false discoveries and detecting
true effects, and more stringent thresholds result in exponential decreases in power (27). A
power study is presented in the supplemental material and Table S2 and demonstrates we
have good power to detect effects.

Cell-type Specific MWAS

Using an epigenomic deconvolution approach, we performed a cell-type specific MWAS in
the major nucleated cell-types in blood: T-cells (CD3+), monocytes (CD14+), granulocytes
(CD15+) and B-cells (CD19+). The deconvolution approach combines statistical methods
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and MBD-seq methylation profiles from a reference set of purified cells to deconvolute

the cell-type specific effects from data generated in bulk tissue (28). A description of the
generation of the reference panels and the deconvolution approach have been described
elsewhere (29) and are provided in the Supplemental Material. Briefly, Houseman’s model
(14) was used to obtain cell-type proportion estimates for each sample. Next, we tested

the null hypothesis that, for each CpG and for each cell-type separately, methylation of a
given CpG is not associated with ANX (30) using the cell-type estimates. The epigenomic
deconvolution approach does not generate methylation data on cell-type specific level.
Following common practice, we performed quality control on our observed data (i.e., whole
blood), hence the same sites were tested in the whole blood and cell-type specific analyses.
We applied an FDR threshold of 0.1 to declare methylome-wide significance, which was
applied to each cell type individually.

Replication of Discovery Findings in an Independent Sample

We used already existing data from an adult subsample of 433 individuals for the Great
Smoky Mountain Study (GSMS; (31)) for the Replication. The methylation data was
previously generated from blood using the same MBD-seq approach as in the Discovery.
Lifetime ANX, defined as having either panic disorder, social phobia, agoraphaobia, specific
phobia or generalized anxiety disorder, was diagnosed using the Young Adult Psychiatric
Assessment resulting in 107 ANX cases and 326 controls. Procedures for the Replication
generally followed the same procedures used in the Discovery. Further details are in the
Supplemental Material. After quality control 22,670,747 autosomal CpGs remained for
analysis.

To replicate our primary findings, we first tested if the Replication findings were enriched
for Discovery findings with the same direction of effect to assess if there were overlapping
ANX-associated sites in the two sets of results. To perform the enrichment test, we used
circular permutations in which the mapping of the data sets is shifted by a single random
integer in each permutation, as implemented in the R package shiftR. This approach
maintains the correlational structure of the data while generating the empirical test statistic
distribution under the null hypothesis. One million permutations were used for each test.
Multiple thresholds (i.e., we used the top 0.1% and 0.5% of sites with the lowest p-values)
were used to define “top” findings for the ANX MWAS. To account for this “multiple
testing”, the same thresholds are used in the permutations where the test statistic distribution
under the null hypothesis is generated from most significant combination of thresholds.

We then performed a look-up replication of significant sites from the Discovery for the
cell-types that showed significant enrichment. A site was considered replicated if it had
the same direction of effect as the Discovery, and the p-value was less than the Bonferroni
adjusted p-value threshold for the number of tests performed per cell-type. A site was
considered nominally replicated if it had the same direction of effect and p-value<0.05.

Characterization of Overlapping Top Sites between Discovery & Replication

To study biological processes underlying of the ANX-associated sites, we performed
enrichment testing and pathway analysis on the overlapping sites from the Discovery

Mol Psychiatry. Author manuscript; available in PMC 2024 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hettema et al.

Page 6

and Replication analyses, as these sites have support from two independent studies which
provides evidence of robustness of the findings.

Enrichment Testing.

Enrichment testing was performed to establish if our overlapping findings were enriched
for specific genomic features and/or findings from extant genome-wide association studies
(GWAS) for ANX and genetically-related phenotypes. To perform enrichment tests between
our overlapping anxiety MWAS results and top results from other enrichment datasets, we
used the test described in the replication section above. Our top overlapping MWAS results
were first tested for enrichment against genomic features (e.g., exons, CpG Islands, etc.).

For GWAS, we tested whether our most highly associated genes were enriched for ANX-
associated sites. We allowed for a 100kb flank to reflect that regulatory sites are often found
in intergenic regions far from the defined boundaries of the gene they regulate. For ANX,
we used data from two published case-control GWAS datasets: GWAS conducted on self-
report of physician diagnosis of ANX in the Million Veteran Program (MVP; ncase=34,189;
Ncontroi=190,141) (32) and a GWAS meta-analysis of lifetime ANX with a combined
sample of 114,019 individuals (Total ngaee=31,977; Neontro=82,114) (33). For neuroticism,
we used a GWAS meta-analysis that involved 449,484 individuals (34). For MDD, we
included two recent meta-analyses (Ncase=135,458; Neontro1=344,901) (5) and (Ncase=246,363;
Neontrol=561,190) (4). Finally, for PTSD, we used the most recently published case-control
GWAS (Ngase=32,428; Neontroi=174,227) (35).

Pathway Analysis

ConsensusPathDB (CPDB) (36) was used to gain insight into the biological pathways
affected by ANX. Specifically, we tested for overrepresentation of top overlapping findings
(P<1x107°) located within genes in the biological pathways in the Reactome database. For
a pathway to be considered enriched, a minimum of three top findings were required to be
present in the pathway.

Replication of existing mCG findings

Results

To replicate existing ANX methylation findings, we compiled a list of published array-based
ANX methylation studies (Table S1). We carried out a look-up replication in our Discovery
and Replication in whole blood for all significant CpGs or CpGs located in differentially
methylated regions. We also did a look-up replication in disorder-specific sub-analyses.
Replication was established using the same criteria described above.

Sample Descriptives

Table 1 displays sample descriptives for both the Discovery and Replication. In the
Discovery sample, 618 individuals (54.5%) had a diagnosed ANX, while 24.7% of the
Replication sample had a diagnosed ANX. For both the Discovery and Replication, the ANX
cases were predominantly female, had comorbid depression, and were more likely current
smokers when compared with the controls.
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The Quantile-Quantile (QQ) plots for whole blood and individual cell-types suggested
no test statistic inflation with lambda (ratio of the median of the observed distribution

of the test statistic to the expected median) ranging from 0.98-1.1 (Figure 1). Methylome-
wide significant findings were detected for whole blood, monocytes and granulocytes but
not for T-cells or B-cells (Tables S3-S7). In whole blood, one CpG located in APC2
passed methylome-wide significance (FDR<0.1). The MWAS for monocytes yielded 280
methylome-wide significant CpGs (Table S5) with the top genic findings located within
the genes ZNF823 and SHANKZ. In granulocytes, 82 CpGs passed methylome-wide
significance with the top three sites located in intergenic regions (Table S6). One of

the significant associations of interest in granulocytes was located in AGBL 1 which was
previously associated with anxiety symptoms in GWAS (37).

As a sensitivity analysis, we tested whether the top findings in the Discovery were enriched
for top findings from an MWAS of major depression previously conducted in the Discovery
sample (29). We found no significant enrichment (Table S8) suggesting that we have
adequately controlled for comorbid depression in our analyses. Additionally, as it is possible
that methylation may change with the loss of a current anxiety disorder diagnosis over time,
we also compared our lifetime ANX results to results from our sample with current anxiety
diagnosis (i.e., last 30 days) as the outcome. Correlations between the test statistics of these
two outcomes ranged from 0.86 to 0.92 indicating a high degree of overlap between the
MWAS findings. This high degree of overlap is not unexpected given that over ~75% of
lifetime ANX cases also met criteria for current ANX.

To assess whether there were overlapping findings between the Discovery and Replication,
we tested whether the top Replication findings were enriched for the Discovery findings
with the same direction of effect. We define “top findings™ as the 0.1% and 0.5% of

sites with the lowest p-values.This effectively tests whether a group of sites replicate. We
observed significant overlap (Table 2) in top sites with the same direction of effect between
the monocyte MWAS in the Discovery and Replication datasets (210 sites, p<1x10706),
T-cells (135 sites, p=1.29x10703), and B-cells (727 sites, p<1x10796). We did not find
overlap in whole blood or the granulocytes.

Next, we conducted a look-up replication for the cell-types that showed significant
enrichment to identify specific individual sites that replicated. We identified two replicating
sites in FZR1 in monocytes (p=2.46x1079° and 3.72x1079%) after Bonferroni correction plus
an additional 15 nominally replicated sites in monocytes and 4 in T-cells (Table 3).

Characterization of Overlapping Top Sites between Discovery & Replication

Genomic Features.—The overlapping sites were tested for enrichment of genomic
features. Table S9 shows that for both monocytes and B-cells the overlapping sites were
located in CpG Islands, CpG Shores, exons, within gene boundaries, repeats, and upstream
of transcription start sites. We did not observe any signfiicant enrichment for genomic
features in overlapping sites from T-cells.
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GWAS of Anxiety and Related Traits.—The overlapping sites were further tested for
enrichment of loci previously associated with ANX or related traits in published GWAS
(Table 4). All three cell types were significantly enriched for findings from the Wray et al.
MDD GWAS, but only B-cells were significantly enriched for findings from the Howard

et al. MDD GWAS. Both B-cells and T-cells were enriched for findings from the PTSD
GWAS, while monocytes were slightly above the significance threshold. The overlap in
B-cells was also significantly enriched for findings from the two ANX GWAS. For analyses
that had significant overlap, the overlapping gene lists are provided in Table S10. None of
the overlap in any of the cell types was enriched for findings from the neuroticism GWAS.

Pathway Analyses.—Pathway analyses yielded several significant over-represented
pathways among the overlapping findings from the Discovery and Replication. For T-cells,
the most significant pathway involved LLCAM interactions (Table S11) which are involved
in the differentiation of adult-born hippocampal neurons (38). Among the significant
pathway results for monocytes a theme emerged around PI3K/Akt signaling pathway (Figure
S1, Table S12) which is involved in immune response. Anaphase-promoting complex/
cyclosome (APC/C) emerged as a major theme in the B-cell pathway analyses (Figure 2,
Table S13).

Replication of existing ANX methylation findings

We conducted a look-up replication in our Discovery and Replication whole blood results
(Tables S14) to replicate existing ANX findings. We were unable to replicate any previous
associations after Bonferroni correction. However, we were able to nominally replicate
two findings, cg13965062 in NTRK and ¢g24378951 located in an intergenic region on
chromosome 15, with the same direction of effect in one study but not both (Table S14
bolded). To be ensure we were not missing any potentially replicating sites, we conducted
secondary, disorder-specific analyses in whole blood, however, we were still unable to
replicate any existing findings.

Discussion

In this study, we conducted the largest discovery MWAS of anxiety disorders using existing
data with 618 clinically diagnosed, lifetime ANX cases. Using MBD-seq, we evaluated
over 21 million CpG sites, making this the first study to examine almost the entire human
methylome for association with ANX. Our cell-specific deconvolution approach identified
methylome-wide significant associations (FDR < 0.1) with 280 CpGs in monocytes and 82
CpGs granulocytes. In contrast the whole-blood analysis detected only one associated CpG.
Among the genes with significant CpG findings in the granulocyte MWAS is AGBL 1 which
was reported in a prior GWAS of anxiety symptoms (37).

We then performed ANX MWAS in the GSMS sample to test for replication of our
primary findings. Methylome-wide association data in GSMS were signficantly enriched
for ANX association signals with the same direction of effect from the Discovery cohort in
monocytes, T-cells, and B-cells. This yielded two replicating sites in £ZR21 in monocytes
(p=2.46x10705 and 3.72x10795) after Bonferroni correction.
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FZR1 codes for an anaphase-promoting complex/cyclosome (APC/C) cofactor that regulates
mitosis exit and G1-phase length in dividing cells. FZR1 has been implicated in
neurogenesis, neuronal differentiation and survival, glial differentiation and migration,
axonal growth and patterning and synapse formation and plasticity (39, 40, 41, 42).
Knockdowns of FzrI conditionally eliminated from the forebrain post-developmentally

led to impaired associative fear memory and long-term potentiation in the amygdala

(43). Further, mice with a knockdown of FzrZ in neurons had impaired long-term
potentiation in the hippocampus, impaired behavioral flexibility, and extinction of previously
consolidated fear memories (44). Fzr1 heterozygous mice also showed deficits in long-term
potentiation as well as deficiencies in contextual fear conditioning (44). Interestingly,
anaphase-promoting complex/cyclosome (APC/C), which FZR1 is a cofactor for, was a
dominant theme in the B-cell pathway analysis (Figure 2) suggesting that the process linking
FZR1and APC/C to anxiety may be similar in monocytes and B-cells. However, the exact
mechanism by which methylation in £ZR1 and APC/C pathways influences ANX remains
to be elucidated.

A theme that emerged in the pathway analysis in monocytes was PI3K/Akt signaling (Figure
S1). Activation of this pathway in rodents is linked with anxiety-like behaviors (45, 46,

47, 48), and potential pharmacotherapies that induce alterations in this pathway have been
suggested as potential new treatments for ANX (49, 50). Evidence suggests that monocyte
recruitment to the brain induces the production of inflammatory cytokines (51) which
activate the PI3K/Akt signaling pathway leading to anxiety-like behaviors (52). More work
is needed to understand the potential role of methylation in this process.

We also tested for enrichment of ANX-related GWAS in the MWAS signals that overlap
between our Discovery and Replication analyses. We note differences in these analyses

for MDD depending upon whether we used results from the earlier Wray et al. GWAS or
the subsequent Howard et al. GWAS. The latter included a larger overall sample size but
allowed for an overall broader definition of the depressive phenotype which may explain
the differing results. For this discussion, we refer to the Wray et. al MDD results. MWAS
in B-cells demonstrated significant enrichment with GWAS for ANX, MDD, and PTSD.
The T-cell MWAS was enriched for both MDD and PTSD, while monocytes were enriched
only for MDD GWAS loci. Despite high genetic correlation between neuroticism and these
phenotypes, we did not detect any overlap with GWAS of neuroticism. This may be due

to this GWAS being largely based on population-based studies and therefore may have less
extreme (high) neuroticism scores represented.

We also aimed to replicate findings from existing ANX methylation studies. This effort was
a modest success, as we were only able to replicate two findings at a nominal threshold

in one of our datasets but not both. The look-up replication in the disorder-specific sub
analyses did not yield any replicating findings. There are several possible reasons why

we did not see replication. First, the sample sizes of some studies were small, with most
having a sample size smaller than 250, and, therefore, may only have modest power to
detect real effects. Second, analyses conducted using methylation arrays can be sensitive

to the quality control procedures used, and unless stringent quality control is applied,
array-based methylation studies can show an excess of false positive findings due to test
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statistic inflation (53). The level of inflation can be assessed through lambda (the median

of the observed test statistics divided by the expected median of the test statistics under

the assumed null distribution) with values close to 1 indicating a lack of inflation. Lambda
was not reported for the methylation studies we attempted to replicate, making it difficult to
assess whether this would potentially explain the replication of only a few sites. Lastly, our
primary findings derived from the cell-specific MWAS rather than the whole blood or broad
groupings of leucocyte as in the other studies.

Our results should be considered in the context of potential limitations. First, biosamples
were obtained after the development of ANX. Thus, some of the associated sites were
present before ANX onset and may be characterized as potential susceptibility loci, while
others occurred after ANX onset and instead reflect the disease state. A study design

that includes collection of both pre- and post-onset ANX biosamples would be required

to properly distinguish between the two. Second, all ANX cases in the Discovery also

met criteria for lifetime MDD. To account for this, we regressed out MDD status in our
MWAS and demonstrated that the association signals do not significantly overap with
those from a prior MDD MWAS in the same sample (Table S8). While the majority of

the significant sites in the Discovery likely reflect ANX only, it is possible that some

sites may capture a combined ANX-MDD phenotype. Our independent replication sample,
however, does not have this issue as only some of the ANX cases also had MDD, providing
increased confidence that the overlapping sites between the Discovery and Replication

are likely ANX-specific. Third, in the Replication, self-identified race indicator variables
were included as covariates in the analyses. Ancestry PCs were not included as covariates
as ~21% of participants do not have genotype data to create the ancestry PCs, which
would reduce the sample size. Using the subset of individuals that had genotype data, we
conducted an MWAS including self-identified race and another with self-identified race
plus 10 ancestry PCS. Correlations between the test statistics were incredibly high with a
range of 0.964 to 0.988 indicating the that inclusion of the ancestry PCs did not impact our
results. We would also like to note that self-identified race also reflects shared experiences
within groups in social, economic, cultural and environmental domains that would not be
captured in ancestry PCs but may impact methylation. The inclusion of self-identified race
as a covariate helps control for differences in these domains between groups.

This work involves the largest MWAS of anxiety disorders performed to date in terms of
the overall sample size, examining multiple cell types in blood, and the number of CpGs
interrogated. We identified and replicated cell-type specific novel methylation sites located
in genes of potential relevance for brain mechanisms of psychiatric conditions. Although
further studies are needed to validate our findings, our results suggest methylation as a
promising approach to study biological mechanism in anxiety research.
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Figure 1.

Quantile-Quantile Plot for Discovery MWAS in Whole Blood and Cell-type Specific MWAS
Note: The observed p-values (red dots), on a -log10 scale, are plotted against their expected
values (green main diagonal line) under the null hypothesis assuming none of the CpGs have
an effect. Grey lines indicate the 95% confidence bands (CI). A deviation of the observed
p-values from the main diagonal indicates that there are CpGs associated with lifetime
anxiety disorder. Coefficient lambda (symbol) will be close to one if the vast majority of
CpGs behave as expected under the null hypothesis. Analyses were performed in whole
blood as well as blood cell subpopulations using a reference panel that was sorted using cell
surface antigen molecules CD3, CD14, CD15, and CD19 that are expressed on the surface
of T-cells, monocytes, granulocytes, and B-cells, respectively.
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Clustering significantly enriched pathways for B-cells.
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Genes (ticks every 5 genes)

Note: As pathways often share genes, the raster plots visualize the clustering of pathways
()~axis) determined on the basis of their overlapping genes (x-axis). For clustering we used
the Louvain Method for community detection (54). The solid rectangles indicate genes that
were both among genes implicated in the overlap between the Discovery and Replication top
sites and a member of the listed pathway. Only genes that were implicated by the sites in

the overlap are plotted, rather than all possible pathway members. Only pathways containing
a minimum of 3 overlapping genes and those passing nominal significance (£ < 0.05) were
retained. Complete pathway names, gene names, odds ratios, and P values for all outcomes

are presented in Supplementary Tables S13.

Mol Psychiatry. Author manuscript; available in PMC 2024 August 04.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hettema et al. Page 17

Table 1.

Descriptive Statistics for Discovery and Replication Samples

Controls ANX

Mean SD Mean SD P value

Discovery: NESDA N =514 N =618
Females 59.14% 69.91% <.001
Current Smoking Status ~ 31.93% 43.52% <.001
MDD Status 37.74% 100.00% <.001
Anxiety — Last 30 days 75.89%
Agoraphobia 15.37%
Panic Disorder 54.69%
Social Phobia 55.98%
Generalized Anxiety 52.59%
Age (years) 4117 1393 4189 1211 0.355
T-cells (CD3+) 0.293 008 0279  0.087 0.014
Monocytes (CD14+) 0.112 0.029 0.108 0.027 0.048
Granulocytes (CD15+) 0.517 0.115 0.538 0.113  0.002
B-cells (CD19+) 0.078 0.034 0.074 0.033 0.011
Replication: GSMS N =326 N =107
Females 47.24% 62.60% 0.008
Current Smoking Status ~ 44.17% 56.70% 0.043
MDD Status 9.82% 50.40% <.001
Agoraphobia 16.82%
Panic Disorder 51.40%
Social Phobia 17.76%
Generalized Anxiety 43.93%
Specific Phobia 11.21%
Age (years) 2445 365 2479 323 0365
T-cells (CD3+) 0.281 0.058 0.270 0.059 0.713
Monocytes (CD14+) 0.108 0017 0108 0021 0934
Granulocytes (CD15+) 0.544 0.067 0.550 0.068  0.444
B-cells (CD19+) 0.066 0.032 0.063 0.029 0.336

Note: N is number of samples left after quality control. Current smoking status indicates proportion of current smokers, MDD Status indicates
proportion of participants with DSM-IVV MDD diagnosis, age is measures in years. CD are clusters of differentiation.
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Table 2.

Enrichment of Discovery and Replication ANX MWAS

Page 18

Replication MWAS

Discovery MWAS SitesOverlapping Top Threshold(%) Odds Ratio

P-value

Whole Blood 583
T-cells (CDO3+) 135
Monocytes (CD14+) 210
Granulocytes (CD15+) 480
B-cells (CD19+) 727

0.5;0.5
0.5;0.1
0.5;0.1
0.5;0.5
0.5;0.5

1.08
1.43
2.14
0.97
1.32

0.1546
1.29E-03
<1E-06
0.951
<1E-06

Note: In the Discovery, 0.1% and 0.5% correspond to 21,868 and 109,342 CpGs respectively. In the Replication these thresholds correspond to

22,670 and 113,353 respectively.
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Table 3.
Replicating ANX associated CpGs
Discovery Replication
Cell Type CHR BP Gene Beta  T-value P-value Beta T-value P-value
Mono. 19 3519325 FZR1 -0.149 -5.004 6.55E-07 | —0.208 -4.268  2.46E-05
Mono. 19 3519327 FZR1 -0.148 -4.961 8.14E-07 | —0.204 -4.171 3.72E-05
Mono. 3 193609646 -0.148 -4.972 7.68E-07 | —-0.153 -3.109 2.01E-03
Mono. 8 144902700 PUF60 -0.166 -5.584 2.96E-08 | —0.152 -3.088 2.16E-03
T-cells 18 65631794 0.165 5,539  3.81E-08 | 0.141 2.856  4.51E-03
Mono. 4 97884922 -0.150 -5.020 6.04E-07 | -0.139 -2.818 5.07E-03
Mono. 3 57435419 DNAH12 0.149 4.976 7.53E-07 0.139 2.816 5.09E-03
Mono. 8 144902710 PUF60 -0.154 -5.165 2.86E-07 | -0.139 -2.808 5.22E-03
Mono. 8 144902693 PUF60 -0.148 -4971 7.71E-07 | -0.137 -2.761 6.03E-03
Mono. 3 57435426 DNAH12 0.150 5.015 6.19E-07 0.136 2.743 6.37E-03
Mono. 3 193609662 -0.151 -5.053 5.10E-07 | -0.136 -2.741 6.39E-03
Mono. 3 57435422 DNAHI12 0.152 5.098 4.05E-07 0.134 2.701 7.21E-03
Mono. 3 193609655 -0.158 -5.291 1.47E-07 | -0.131 -2.641 8.59E-03
Mono. 13 21978815 ZDHHCZ20 | -0.153 -5.115 3.71E-07 | -0.125 -2531 0.012
Mono. 11 5611233 HBGZ2 -0.150 -5.034 5.61E-07 | -0.125 -2.531 0.012
Mono. 12 12771588 CREBLZ2 0.149 4977 7.50E-07 0.125 2.527 0.012
Mono. 12 120715968 0.148 4.972 7.69E-07 0.109 2.194 0.029
Mono. 19 11843136 ZNF823 0.192 6.480 1.38E-10 | 0.107 2.152 0.032
T-cells 4 100261758 ADHIC 0.152 5.081 4.40E-07 0.100 2.016 0.044
T-cells 18 65631825 0.158 5312  1.31E-07 | 0.098 1.981 0.048
T-cells 15 74252677 -0.150 -5.020 6.02E-07 | -0.095 -1.918 0.056

Note: Mono. = monocytes
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Table 4.

Page 20

Enrichment Test Results for Overlapping Sites in the Discovery and Replication Against Top Findings from
GWAS of Anxiety or Genetically Related Traits.

T-cells Monocytes B-cells
Trait Association Dataset EOR p-value EOR p-value EOR p-value
Anxiety Levey at al., 2020 0.99 0.53 1.66 0.431 1.16 0.015
Anxiety Purves et al., 2020 1.15 0.076 1.09 0.109 1.16 <1E-06
Neuroticism  Nagel et al., 2018 1.32 0.277 2.08 0.051 0.93 0.572
MDD Wray et al., 2018 195 <1E-06 186 <lE-06 208 <1E-06
Depression Howard et al., 2019 1.15 0.092 0.96 0.651 1.14 0.01
PTSD Nievergeltetal., 2019  1.28 0.001 1.09 0.139 11 0.008

Note: EOR = enrichment odds ratio; MDD = major depressive disorder; PTSD = post-traumatic stress disorder.
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