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veterans implicates several new DNA
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Abstract

Background: Previous studies using candidate gene and genome-wide approaches have identified epigenetic
changes in DNA methylation (DNAm) associated with posttraumatic stress disorder (PTSD).

Methods: In this study, we performed an EWAS of PTSD in a cohort of Veterans (n =378 lifetime PTSD cases and
135 controls) from the Translational Research Center for TBI and Stress Disorders (TRACTS) cohort assessed using
the lllumina EPIC Methylation BeadChip which assesses DNAm at more than 850,000 sites throughout the genome.
Our model included covariates for ancestry, cell heterogeneity, sex, age, and a smoking score based on DNAm at
39 smoking-associated CpGs. We also examined in EPIC-based DNAm data generated from pre-frontal cortex (PFC)
tissue from the National PTSD Brain Bank (n=72).
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697 X 10°°, pag; = 0.042).

Results: The analysis of blood samples yielded one genome-wide significant association with PTSD at cg19534438
in the gene GOS2 (p=1.19% 107, Pagj = 0.048). This association was replicated in an independent PGC-PTSD-EWAS
consortium meta-analysis of military cohorts (p =0.0024). We also observed association with the smoking-related
locus cg05575921 in AHRR despite inclusion of a methylation-based smoking score covariate (p=9.16 x 10°), which
replicates a previously observed PGC-PTSD-EWAS association (Smith et al. 2019), and yields evidence consistent with
a smoking-independent effect. The top 100 EWAS loci were then examined in the PFC data. One of the blood-
based PTSD loci, cg04130728 in CHST11, which was in the top 10 loci in blood, but which was not genome-wide
significant, was significantly associated with PTSD in brain tissue (in blood p=1.19%x 10, Pagj = 060, in brain, p=
0.00032 with the same direction of effect). Gene set enrichment analysis of the top 500 EWAS loci yielded several
significant overlapping GO terms involved in pathogen response, including “Response to lipopolysaccharide” (p =

Conclusions: The cross replication observed in independent cohorts is evidence that DNA methylation in
peripheral tissue can yield consistent and replicable PTSD associations, and our results also suggest that that some
PTSD associations observed in peripheral tissue may mirror associations in the brain.

Introduction
Genetic studies of posttraumatic stress disorder (PTSD)
diatheses conducted to date have focused primarily on
identifying DNA variants (e.g., single-nucleotide poly-
morphisms, SNPs) that confer risk for the development
of the disorder through candidate gene or genome-wide
association studies (GWASs; see, e.g., [1, 2]). More re-
cently, studies have also examined differences between
PTSD cases and controls in patterns of gene expression
[3] and/or DNA methylation (DNAm [4-6];). DNAm
studies involve measurement of a methyl group on the
DNA strand at a cytosine-phosphate-guanine (CpQ) site,
and when this is present in the promoter region of a
gene, DNAm tends to be negatively correlated with the
expression of the gene. DNAm across the genome can
be influenced by a host of genetic and developmental
mechanisms, health conditions, and environmental fac-
tors ranging from toxin exposure to stress, and it is
widely hypothesized to be a mechanism that mediates
the effects of trauma exposure on gene expression [7, 8].
Hypothesis and mechanism-focused candidate gene
studies have identified PTSD-related differences in
DNAm levels in genes associated with the hypothalamic-
pituitary-adrenal (HPA) axis (e.g., ADCYAPI [9], FKBPS
[10], and NR3CI [11]), inflammation (e.g., BDNF [4],
HTR2A [12] and IL-18 [13]), and neurotransmission
(e.g, BDNF [4], HTR2A [14], and HTR3A [15]).
Epigenome-wide association studies (EWASs), on the
other hand, take a hypothesis-free approach to identify-
ing DNAm loci from across the genome that are statisti-
cally associated with the phenotype of interest. To date,
only five published PTSD EWASs have reported single-
site associations that survived epigenome-wide multiple-
testing correction. First, using a DNAm bead chip that
interrogated ~ 27K loci in a sample of 100 subjects from
an urban community cohort, Smith et al. (2011)

reported false discovery rate (FDR)-corrected differences
between PTSD cases and controls at loci in 5 genes
(ACPS5, ANXA2, CLEC9A, TLRS, and TPR) [4]. Second,
in a study that used a more comprehensive platform
measuring methylation at ~ 850K loci in samples from
96 Australian Vietnam veterans, Mehta et al. (2017)
found genome-wide significant associations between
DNAm and PTSD in four genes (BRSK1, DOCK2, LCNS,
and NGF) and in one intergenic locus [5]. Rutten et al.
(2018) examined pre- to post-deployment changes in
DNAm in a cohort of 93 soldiers using a ~ 450K plat-
form and found 17 loci in or near 8 genes that were as-
sociated with increasing PTSD symptoms over time [6].
In that study, replication analyses in a similar pre- and
post-deployment cohort of 98 soldiers also showed nom-
inal support for findings in 3 genes (HISTIH2APS2,
RNF39, and ZFP57). In an EWAS of methylation in
sperm cells from a cohort of Veterans (16 with PTSD
and 22 controls), Mehta et al. identified three loci reach-
ing genome-wide significance: two intergenic loci and a
CpG in CCDC88C [16]. This could point to a possible
role of these loci in the inter-generational transmission
of the effects of trauma. Finally, Smith et al. [17] recently
reported results of the largest PTSD EWAS conducted
to date based on a meta-analysis of # = 1896 participants
from 10 cohorts with methylation assessed at ~ 450K
loci. Ten loci achieved genome-wide significance, the
most significant of which, cg05575921 (p =4.27 x 10",
FDR=2.15x107), was located in the smoking-
associated gene AHRR. Many of the EWASs of PTSD
have also used Gene Set Enrichment Analysis or Func-
tional Network Analysis of genome-wide DNAm as a
follow up to their genome-wide association analyses. Sig-
nificant enrichment has been observed for a number of
pathways/biological processes with plausible relevance to
PTSD including, most notably, inflammation and
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immune function, HPA axis and glucocorticoid signal-
ing, neurogenesis and neurotransmission, circadian
rhythms, and cell adhesion [5, 6, 18-20].

To summarize, prior studies of DNAm associations
with PTSD have yielded potentially important insights
into the epigenetics of PTSD; however, with several
noteworthy limitations. All of them were based on
DNAm from peripheral samples (usually blood). Though
potentially useful for the development of diagnostic bio-
markers, blood samples provide only indirect evidence
of epigenetic processes in the brain. In addition, most of
the sample sizes studied to date have been modest, and
the few EWAS-significant associations that have been re-
ported have been accompanied by limited evidence of
replication.

Another major consideration involves the influence of
potential confounding variables such as cigarette smok-
ing in PTSD studies. Numerous studies have shown the
methylome to be exquisitely sensitive to the effects of
smoking. The largest EWAS of cigarette smoking con-
ducted to date by Joehanes et al. (N ~ 16K), identified
18760 CpGs on 7201 genes that were differentially
methylated in current versus never smokers [21]. Results
of that study confirmed numerous prior reports of asso-
ciations between smoking and DNAm in several genes
including, most notably, AHRR, F2RL3, and RARA. Be-
cause cross-sectional epidemiological studies do not per-
mit inferences about whether DNAm associations are
causes, consequences, or effects of third variables, Li
et al. (2018) used a genetically informative twin cohort
to examine the heritability of the smoking-associated
DNAm loci and found strong evidence that most of the
observed epigenetic associations were attributable to the
effects of cigarette use [22]. These findings are highly
relevant to the epigenetics of PTSD because PTSD sam-
ples, especially from veteran cohorts, tend to have an el-
evated prevalence of cigarette smoking relative to the
general population [23]. The AHRR locus cg05575921
that was associated with PTSD in the Smith et al. EWAS
[17] was also highly significant in both the Joehanes
et al. EWAS of smoking [21] and the Li et al EWAS of
smoking [22], and in the latter, was the most significant
locus. Based on this, Smith et al. also performed analyses
stratified by smoking status and found that the associ-
ation between PTSD and cg05575921 was strongest
among non-smokers suggesting an association between
PTSD and AHRR independent of smoking.

The aim of this study was to identify individual CpG
sites and/or sets of genes associated with PTSD using
DNAm data from a veteran cohort and a newly-
established United States (US) Department of Veterans
Affairs (VA) National PTSD Brain Bank [24]. Given the
robust associations between smoking and DNAm ob-
served in prior studies, we addressed this important
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confound by computing a DNAm smoking score based
on the top loci from the Li et al. (2018) study and in-
cluding it as a covariate in our analyses. The primary
analysis was a “Discovery” EWAS of lifetime PTSD diag-
nosis in DNA from whole blood drawn from a cohort of
veterans of the post-9/11 conflicts in Iraq and
Afghanistan. We then evaluated evidence for replication
of the top EWAS results in (a) an analysis of veterans
performed as part of the Smith et al. EWAS, and (b)
postmortem pre-frontal cortical tissue from the National
PTSD Brain Bank. Finally, we examined candidate gene
regions and candidate CpGs implicated in previous
PTSD epigenetic studies.

Materials and methods

Discovery Cohort

The Discovery Cohort was comprised of veterans re-
cruited by the Translational Research Center for TBI
and Stress Disorders (TRACTS), a Department of Vet-
erans Affairs Rehabilitation Research and Development
(RR&D) Traumatic Brain Injury Center of Excellence at
VA Boston Healthcare System. After applying a quality
control pipeline and excluding participants with missing
data (see Additional file 1), 541 veterans (n = 378 cases
and 135 controls) with DNAm data were available for
analyses. Demographic characteristics for all three co-
horts are listed in Additional file 1: Table S1. The collec-
tion of Discovery Cohort data was performed with the
approval of a Department of Veterans Affairs human
subjects review board and all subjects provided written
informed consent.

Consortium Replication Cohort

We examined results from the recent Smith et al. Con-
sortium EWAS of current PTSD. As it was the closest
match to our Discovery Cohort, we requested results
from a military cohort meta-analysis. It included 1351
subjects from 7 cohorts: Army Study to Assess Risk and
Resilience in Servicemembers (Army STARRS) [25],
Marine Resiliency Study (MRS) [26, 27], Prospective Re-
search in Stress-related Military Operations (PRISMO)
[28, 29], The African American and the European
American cohorts from the Mid-Atlantic Mental Illness
Research Education and Clinical Center PTSD Study
(VA-M-AA and VA-M-EA) [30], the Injury and Trau-
matic Stress study (INTRuST; see e.g., [31-33]), and the
VA Boston Healthcare System National Center for
PTSD (VA-NCPTSD) cohort [1]. In the replication co-
hort analysis, 42% were current PTSD cases, all of which
were assessed with Illumina Infinium HumanMethyla-
tion450 BeadChip (450K BeadChips; see Smith et al
2019 for details). As it was not available for many par-
ticipating cohorts, lifetime PTSD was not analyzed.
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PTSD Brain Bank

DNA was extracted from the ventromedial prefrontal
cortex (vmPFC; Brodmann area 12/32) and dorsolateral
prefrontal cortex (dIPFC, Brodmann area 9/46) from 42
PTSD cases and 30 controls. These regions were selected
based on findings from functional and structural im-
aging studies of PTSD suggesting their involvement in
the neurobiology of the disorder (see e.g., [34]). A de-
tailed description of the donor identification, post-
mortem diagnostic assessment procedures, and tissue
extraction and processing is presented elsewhere [24, 35]
and in Additional file 1.

Generation of genotype and DNAm data

Genome-wide genotype data were used to generate prin-
cipal components (PCs) to control for ancestral hetero-
geneity in each analysis. Genotypes for the Discovery
and Brain Bank Cohorts were based on data from Illu-
mina (San Diego CA) HumanOmni2.5-8 BeadChips as
described previously [1, 36] and in the Supplementary
Methods (Additional file 1). DNAm was assessed in the
Discovery and the Brain Bank Cohorts using the Illu-
mina EPIC 850K BeadChips. An EWAS consortium-
derived pipeline was used to clean the DNAm data from
both cohorts [37]. Additional information about the
quality control (QC) pipeline is available in Additional
file 1.

Data analyses
Analyses examining associations between DNAm and
lifetime PTSD case/control status in the Discovery Co-
hort were performed with linear models as automated in
the Bioconductor limma (Linear Models for Microarray
Data) package [38] with the base 2 logit-transformed
methylated proportion as the response and PTSD diag-
nosis as a predictor. Note that we will avoid the use of
the term “beta” to refer to coefficient estimates from lin-
ear models throughout to avoid confusion with the term
beta as it applies to DNAm studies, where it is used to
refer to the proportion of DNAm at a given locus. Each
limma model included principal components for ances-
try, age, sex, estimates of white blood cell proportions,
and a DNAm-based “smoking score” as covariates. The
latter was based on effect-size estimates for the top-39
probes from a recent smoking EWAS [22]. This score
showed highly significant association with self-reported
smoking in both the Discovery Cohort and in the VA-
NCPTSD cohort (p<22x10° in both cohorts), and
was significantly correlated with the number of ciga-
rettes per day in the Discovery Cohort (r=0.52, p<
2.2 x 10™°). See Supplementary Methods (Additional file
1) for details about computation of the smoking score.
For the EWAS in the Discovery Cohort, we computed
false discovery rate [39] corrected p-values, also known
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as Q-values, to control for multiple testing (denoted
“Pag”’). We then examined the top 100 associated sites
from the EWAS in the 450K consortium results and also
in the Brain Bank Cohort. In cases in which the ob-
served top associated EPIC locus was not assayed by the
450K BeadChip, when available, we examined correlated
“proxy sites” for evidence of replication. A proxy site
was defined as a CpG assayed by both EPIC and 450K
BeadChips within 5000 bp of a peak EPIC locus that was
significantly correlated (p <0.05) to the peak EPIC site.
When we observed multiple correlated sites to a peak
EPIC locus, we took the one with the highest correlation
as the proxy. The genes corresponding to the top 500
sites from the Discovery EWAS were examined for en-
richment of specific gene ontology (GO) term categories
using the gometh function from the R missMethyl pack-
age [40]. This function is an extension of the GOseq
method [41] which explicitly models the relationship be-
tween the number of CpG sites measured within a gene
and the probability of that gene appearing within the
target list, hence avoiding one of the sources of bias
which can influence gene set enrichment analyses. Next,
we examined candidate genes and CpG sites previously
implicated in studies of DNAm and PTSD. We began by
evaluating the significance of the 41 previously impli-
cated CpG sites in blood-based studies of PTSD [4-6, 9,
12, 19, 36, 42, 43] (listed in Additional file 1: Table S2)
in the limma EWAS results. Then, we performed a can-
didate gene examination of 36 previously implicated
genes, by examining all sites within a gene from the
limma output for association with PTSD using a gene-
wide FDR correction based on the number of probes in
each gene.

Post-hoc analyses, including evaluation of the role of
smoking in the top EWAS associations and also the effects
of other potential confounders (depression, depression se-
verity, selective serotonin reuptake inhibitor use, and alco-
hol use) in the Discovery Cohort, were performed in R
using the standard package for linear modeling (Im). As
DNAm values can be influenced by nearby SNPs, we also
examined the possibility of SNP effects for our top-
associated loci. We ran a model similar to what was per-
formed in limma above, but which included as a covariate
imputed SNP dosage of any nearby genomic variants
noted in the Illumina Annotation with minor allele fre-
quency > 5%. See the Supplementary Materials (Additional
file 1) for a more complete description of these analyses.

When analyzing the data from the PTSD brain bank,
both regions (vmPFC and dIPFC) were analyzed jointly
to increase power, reduce multiple testing, and to focus
our attention on methylation differences that are con-
sistent across the PFC. A linear mixed model was used
which included a random effect to adjust for the correla-
tions of DNAm between the two brain regions in the
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same subject. The model for the PFC included covariates
for age, sex, ancestry PCs, and proportion of neurons as
estimated from the methylation data [44]. The smoking
score when applied to DNAm data from the PFC was
found not to correlate with smoking, and indeed, an inves-
tigation of smoking in the PFC did not yield any EWAS-
significant smoking loci (see Additional file 1 for details).
This is consistent with a smaller effect of smoking on
methylation in the PFC compared to blood. However,
given the modest sample size, we could not exclude such
an effect, and smoking as determined by family report and
medical history was included as a covariate in the PFC
analyses. Although the Brain Bank Cohort was used here
primarily to replicate the results from the EWAS per-
formed in blood, we computed the results for the entire
genome, so that we could examine the genome-wide dis-
tribution of p-values for inflated significance. Follow-up
analyses in limma examined the dIPFC and vmPFC re-
gions separately to explore whether significant associa-
tions were jointly observed across regions.

As we have elsewhere shown that a large proportion of
low variation probes have poor correlation across chips due
to a low signal-to-noise ratio [45], we excluded probes from
the EWAS and candidate gene analyses when the range of
the proportion of DNAm was < 0.10; these were primarily
sites where the DNAm proportion was < 0.10 for all sub-
jects or the DNAm proportion was > 0.90 for all subjects.
This criterion excluded 417,270 of the 819,877 probes pass-
ing quality filters (see Additional file 1 for details), leaving
402,607 sites in the blood-based EWAS. However, these
low variation probes were analyzed in limma and retained
for the purposes of replication of previously reported loci.

Results

Discovery Cohort EWAS

There was no evidence of inflation for Discovery EWAS
analysis of 402,607 probes (lambda = 1.066; Additional file 1:
Fig. S1). Manhattan plots (- logl0 p-values for each locus
plotted relative to their genomic position) are presented in
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Fig. 1, and the top 10 most strongly associated loci are listed
in Table 1. One epigenome-wide significant association was
found involving probe ¢g19534438 in the GO/G1 Switch 2
gene (G0S2) on chromosome 1 (coefficient=0.34, p=
1.19x 107, Dagj = 0.048; see Fig. 2a). The other top 10 results
included probes in BBS9, RCCDI1, NCK1, CHST11, TMLHE,
3 intergenic loci, and AHRR (see Additional file 1: Fig. S2).
The AHRR result, involving cg05575921 (Fig. 2b), was par-
ticularly noteworthy because this probe was one of the 39
used to compute the DNAm smoking score that was in-
cluded as a covariate in the EWAS. To clarify the nature of
this association and determine if it was an artifact of comor-
bid cigarette use in the PTSD cases, we performed post-hoc
analyses examining the association between this AHRR
probe, self-reported smoking, the smoking score, and PTSD
under various conditions including (a) a model of PTSD
with the smoking score excluded, and (b) a model of PTSD
with the smoking score included but with ¢g05575921 ex-
cluded from score calculation. In both cases, the association
between ¢g05575921 and PTSD remained robust (p < 10%
see Supplementary Results and Additional file 1:Tables S3
and S4 for details). As Smith et al. reported that the associ-
ation between ¢g05575921 and PTSD was more significant
in non-smokers than in smokers, we performed a similar
follow-up analysis of subjects segregated by smoking status.
Although ¢g05575921 was not significant in either smokers
or non-smokers, perhaps due to the reduction of sample
size, there is a more substantial (negative) effect size esti-
mate for ¢g05575921 in the non-smokers than the smokers
(in non-smokers, coefficient = —0.13, p = 0.059; in smokers,
coefficient =— 0.048, p = 0.79). Post-hoc analyses also showed
that the EWAS-significant association involving cg19534438
in GOS2, was not affected by the inclusion or exclusion of
self-reported smoking or the DNAm-based smoking score
in the model (Additional file 1: Table S4).

Consortium Military Replication Cohort
Of the top 100 loci from our EWAS, consortium 450K
meta-analysis results were available for 54, and proxies
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Fig. 1 Manhattan plot of an epigenome-wide association study of PTSD in US Veterans, the one EWAS significant locus at GOS2 is highlighted in green
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Cohort EWAS (n =378 cases and 135 controls)

Page 6 of 14

were available for an additional 6. We observed 8 nom-
inally significant associations in the replication cohort,

Gene D Coefficient p-value Padi more than would be expected under the null (p = 0.0098
G0S2 919534438 034 1.19E-7 0.048 based on a binomial distribution with 5% chance of suc-
BBS9 920152234 018 183E—6 028 cess). Across the 60 loci, the effect size estimates were sig-
Intergenic 911504264 024 5 0% 6 028 mﬁcantl.y Corre.lated (r= 0.39, p =0.0022, see Fig. Sa?. T.he
_ correlation estimate was higher for the n =14 loci with
Intergenic €g08000207 —0% 664E-6 060 »<0.10 in the Replication Cohort (orange and red points
AHRR €g05575921 —013 9.16E-6 0.60 in Fig. 3a; r=0.58, p=0.030) and in the 8 loci with p <
RCCDT €925526519 -016 9.66E -6 060 0.05 in the Replication Cohort (red points in Fig. 3a; r =
NCK1 909423651 —~053 113E-5 060 0.72, p=0.043). All loci with p<0.10 in the Replication
CHSTI1 g04130728 015 110E—5 060 Cohort had. thcf same direc.tion of effect as the Discoveljy
TVLHE 12115116 095 B 068 Cohort, which is highly unlikely under the null }}ypothes1s
4 of a 50% chance of agreement (p =0.00012). Five of the
Intergenic €g20974659 o 1685 068 loci assessed in the Replication Cohort remained signifi-
cant after correcting for the 60 loci examined (Table 2).
Unsurprisingly, the AHRR locus noted in our analysis was
N
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Fig. 2 Box/Scatter plot of the proportion of DNAm (Beta) for (a) cg19534438, the genome-wide significant locus in G0S2, (b) cg05575921, the
smoking- and PTSD-associated locus in AHRR, and (c) the CHST11 peak locus from the EWAS of whole-blood samples that was corrected
significant in the analysis of tissue from the PFC, with blood, dIPFC, and vmPFC methylation plotted separately.
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