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ARTICLE INFO ABSTRACT

Keywords: Objective: Military servicemen deployed to war zones are at increased risk of developing posttraumatic stress
DNA methylation disorder (PTSD) and successful adaptation to stress is important. Epigenetic alterations in response to trauma have
EP_?’OO . been identified as mechanism of adaptation and may therefore predict deployment-related PTSD symptoms. To
E-.pi{]f::‘ll\elt;cgl date, human studies of epigenetic marks for traumatic stress have been largely constrained by short-term analyses

. . of one or two time points.
Posttraumatic stress disorder A i ) . 3 L
Prediction Method: This study in a prospective Dutch military cohort (N = 125) examined longitudinal changes of DNA

methylation profiles before, as well as one and six months after deployment-related combat exposure in relation to
the development of PTSD symptoms over a period of up to five years after deployment. We investigated the
predictive value of specific methylation changes for immediate and delayed-onset PTSD symptoms and recovery.
This epigenetic prediction was compared to polygenic risk score predictions obtained from the currently available
largest genome-wide association study of PTSD.

Results: A total of fourteen genomic regions were identified in which PTSD symptom levels were associated with
methylation changes over time (pre-deployment, one, and six months post-deployment). Of these regions, four
were significant determinants of longitudinal development of PTSD symptoms. In addition, we observed that,
together with risk level during deployment (operating inside or outside the military base) and physical childhood
trauma, post-deployment decreases in methylation at a genomic region in EP300/miRNA1281 was associated with
a delayed onset of PTSD compared to a resilient profile. Polygenic risk, in contrast, was related to PTSD onset
within six months after deployment but was not associated with long term outcomes.
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Conclusion: The present study suggests predictive utility of changes in DNA methylation for the subsequent
development of PTSD symptoms and showed that the currently available measure of polygenic risk is primarily
related to non-delayed disease onset.

1. Introduction

Epigenetic modifications in response to trauma or severe stress may
be a critical factor in risk or resilience to stress-related disorders. They
reflect the complex interplay between environment and genes, and could
therefore be one of the mechanisms in the pathway between trauma and
the development of posttraumatic stress disorder (PTSD). This interplay
is particularly relevant for military populations, as they regularly
encounter stressful events during deployment and show a high burden of
PTSD following deployment [1,2,3]. One of the best characterized
mechanisms of epigenetic regulation is DNA methylation, and mounting
evidence from animal models and human clinical studies suggests that
changes to DNA methylation resulting from trauma are associated with
PTSD (reviewed in: [4,5,6]). Candidate gene as well as epigenome-wide
studies have highlighted genes involved in the immune system and HPA
axis that are involved in PTSD [5]. However, human studies have been
largely constrained by relatively short-term analyses of post-trauma
symptoms, generally up to six to twelve months after deployment.

Moreover, genome-wide epigenetic studies in PTSD that use longi-
tudinal data are scarce. The largest study on methylation changes so far
suggests the implication of immune-related genes in the human leuko-
cyte antigen region, HEXDC, and MADIL1, a gene previously associated
with PTSD [7]. A genome-wide DNA methylation study of our group in a
Dutch military sample pinpointed novel genomic regions where de-
creases in blood DNA methylation across a period of exposure to combat
trauma were related to increasing levels of PTSD symptoms over a
six-month period. Targeted analyses of these findings replicated the
observed association at the genomic regions in ZFP57, RNF39, and HIS-
T1H2APS2 in an independent prospective military cohort of US marines
[8]. ZFP57 methylation was also shown to reverse following successful
PTSD treatment, which provides further support for the association of
decreased methylation of ZFP57 to symptoms of PTSD [9].

There are good reasons to investigate the relation between DNA
methylation changes in more intervals around the trauma exposure and
development of PTSD symptoms in the short term and longer follow up.
Firstly, it has the potential to capture the dynamics of DNA methylation
changes during deployment and immediately after return for the iden-
tification of genes and genetic pathways that are related to PTSD and
response to trauma. Secondly, it enables study of how these dynamic
changes are related to short and longer term outcomes. A third reason is
the potential for the prediction of PTSD, since there are currently no clear
biological measures that can be used to screen individuals for an
increased vulnerability to develop PTSD symptoms after deployment.
Studies by others and our group show that PTSD can develop with a la-
tency of months to several years, as demonstrated by identification of a
delayed onset PTSD developmental trajectory in addition to resilient and
recovery trajectories [1,10,11]. Routine screening for PTSD usually dis-
continues after one or two years post-deployment. Identification of bio-
logical markers reflecting vulnerability for delayed onset PTSD may
therefore have an important role for prevention and early intervention.
Another relevant question is how such epigenetic changes compare to
genetic prediction for PTSD. In the past years substantial progress has
been made to illuminate the role of genes in PTSD susceptibility leading
to genome wide significant identification of risk genes [12]. The question
remains, however, how these risk genes are related to longer term PTSD
outcomes.

The current study is, to our knowledge, the first to investigate lon-
gitudinal changes of DNA methylation profiles across a period of combat
exposure using three time points (pre-deployment, one month- and six
months post-deployment) in relation to the development of PTSD

symptoms in a cohort of deployed military servicemen. In order to assess
the predictive value of methylation patterns for the development of PTSD
symptoms over time, we identified genetic regions where methylation
changes are related to changes in PTSD symptoms and used these to
predict developmental trajectories over a five-year follow-up period.
Because of the higher clinical relevance of identifying a predictive
biomarker for the development of PTSD symptoms before PTSD symp-
tomatology is present and the limitation that methylation changes can
only be determined after deployment, the focus in these analyses was on
predicting delayed onset of PTSD symptoms years after deployment.
Identification of such a biomarker for late-onset PTSD may be very useful
for targeted screening and early intervention. Finally, we compared
predictions based on methylation changes to that of polygenic risk scores
(PRS), a measure for one’s genetic liability to PTSD.

2. Materials and methods
2.1. Discovery data set

2.1.1. Participants

Samples are from a subset of participants from the Prospective
Research in Stress-related Military Operations (PRISMO study). PRISMO
is a large prospective cohort study on the development and biological
underpinnings of stress-related mental health symptoms in Dutch mili-
tary personnel deployed to Afghanistan for at least four months between
2005 and 2008 [13]. The current study draws on peripheral blood
samples from 125 PRISMO participants obtained one month before
deployment and one and six months after the deployment period, and
survey data obtained at six different time points spread out over five
years (Fig. 1). No blood samples were available for the one year-, two
year-, and five year follow-up measurement. A subset of PRISMO study
participants was pre-selected based on two criteria: 1) available DNA,
and 2) prioritization of participants who developed PTSD at any of the
time points.

PTSD symptoms were assessed at six different time points (pre-
deployment, one month-, six month-, one year-, two year- and five year
post-deployment) using the Self-Report Inventory for PTSD (SRIP), a
questionnaire with good internal consistency, discriminant validity and
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Fig. 1. Schematic illustration of the overall study design and the latent devel-
opmental trajectories of self-reported posttraumatic stress symptoms as
measured by the Self-Report Inventory for PTSD (SRIP) over the study’s time
period.

Note: Latent developmental trajectories and symptom scores are based on the
full PRISMO sample as described in Ref. [1]; trajectory membership percentages
are based on the sample of the present study; PTSD = posttraumatic stress
disorder; methylation samples were available at the first three measurement
points, PTSD symptom scores were available at all measurement points (pre--
deployment up to five years post-deployment).
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concurrent validity with other PTSD measures [14,15]. As recommended
in the literature, a cut-off score of 38 was used to indicate substantial
PTSD symptoms [15]. No subjects scored above cut-off pre-deployment.
At the follow-up measurements at one and six months post-deployment,
respectively, 29 subjects and 30 subjects scored above cut-off. Three
trajectories of posttraumatic stress symptoms (resilient, recovering, and
delayed onset, see Fig. 1) from pre-deployment up to five year
post-deployment were previously identified in a latent growth mixture
model using the full PRISMO sample (N = 960), as described in Ref. [1].
The model included a group with a low and stable PTSD trajectory (i.e.
resilient), a group that had a moderate level of PTSD symptoms that
increased heavily in the last time period (i.e. delayed onset), and a group
that had increasing symptoms in the first year after deployment and then
showed a recovery process (i.e. recovering) (Fig. 1). Of note are the
elevated symptom levels pre-deployment in the delayed onset and
recovering trajectory.

Exposure to traumatic stress during deployment was measured with a
19-item deployment experience checklist, the Deployment Experience
Scale (DES), which covered a range of potentially traumatic experiences
that can occur during deployment [16]. Childhood trauma was assessed
using the Dutch version of the Early Trauma Inventory Self Report-Short
Form (ETISR-SF) [17]. Demographics and other characteristics of the
participants are described in Table 1. Participants received financial
compensation for participation. Written informed consent was obtained
from all participants in accordance with procedures approved by the
Institutional Review Board of the University Medical Center Utrecht.

2.1.2. DNA isolation genotyping and methylation quantification

For genotyping, DNA was isolated from whole blood obtained via
venipuncture using standard protocol. DNA concentration and quality
were examined using Nanodrop (Thermo Fisher Scientific, MA, USA).

Genotyping was conducted using Illumina Human OmniExpress 24
v1.1. DNA for the methylation assay was quantified fluorescently prior to
bisulfite conversion (Zymo Research, CA, USA). Genome-wide DNA
methylation was interrogated using the Infinium Methylation EPIC
BeadChip (Illumina, Inc., CA, USA). Batches were minimized by putting
the three time points of one participant on the same array and equally
distributing PTSD status over the arrays. Also, batches were minimized
using information from the control probes as implemented in the func-
tional normalization procedure of Meffil [18]. The dataset was pre-
processed in R version 3.3.3 with the meffil package [18], using
functional normalization [19]. There were no samples with fewer than
three beads in 20% of the probes. Single nucleotide polymorphism (SNP)
profile included on the array matched their genetic identity. Nine sam-
ples had to be removed, five because of failed hybridization as indicated
by outliers (3 SD from the methylation mean), one outside the predefined
boundaries of the control probe, one for gender mismatch, and two for
gender estimate outlier. 1152 probes with a detection p-value greater
than 0.01 were removed. Non-specific probes and those with SNPs in the
probe sequence were removed [20,21]. After quality control, 864,528
CpGs in 361 samples and 133 different individuals were left for further
analysis. The level of DNA methylation is expressed as a ‘beta’ value
ranging from O (no cytosine methylation) to 1 (complete cytosine
methylation). Analyses were performed using M-values (log2 ratio of
beta values) [22].

2.2. Replication data set

Replication of the identified DMRs was sought in the Marine Resil-
iency Study (MRS) [23]. MRS is a large prospective PTSD study with a
longitudinal follow-up in a cohort of 2599 marines deployed to either
Iraq or Afghanistan. Measurements were obtained approximately one
month pre-deployment and one week, three months and six months
post-deployment. PTSD symptoms were measured using a structured
diagnostic interview and the Clinician Administered PTSD Scale (CAPS)
[24]. Peripheral blood samples were collected pre-deployment and three
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Table 1
Demographics and clinical characteristics of the full PRISMO sample and the
different PTSD developmental trajectories.

Al (N  Resilient Recovering Delayed p-
= (N =74) (N=19) onset (N value
125) =32)
Gender (%)
Male 92.8 94.6 89.5 90.6 0.559
Female 7.2 5.4 10.5 9.4
Age (SD) 27.3 27.1 (8.7) 26.6 (8.5) 28.2 (9.7) 0.797
8.9)
Educational level (%) {
Low 40.0 38.4 41.2 43.3 0.622
Moderate 52.5 56.2 52.9 43.3
High 7.5 5.5 5.9 13.3
Rank (%)
Private 44.0 44.6 47.4 40.6 0.897
Corporal 23.2 24.3 26.3 18.8
Non- 24.8 24.3 15.8 31.3
commissioned
officer
Staff officer 8.0 6.8 10.5 9.4
Previous 46.2 45.1 44.4 50.0 0.899
deployment(s)
(% yes)
Function (%)
Inside the 21.6 17.1 17.6 34.5 0.045
military base
Outside the 67.2 75.7 70.6 44.8
military base
Both inside and 11.2 7.1 11.8 20.7
outside the
military base
Deployment year (%)
2005 or 2006 13.6 13.5 15.8 12.5 0.936
2007 or 2008 86.4 86.5 84.2 87.5
New 22.1 22.0 22.2 22.2 1.000
deployment(s)
(% yes)
Deployment 6.4 6.5 (3.5) 7.7 (3.0) 5.5 (3.9) 0.142
stressor score (3.6)
(SD) §
Childhood trauma 3.9 3.6 (2.9) 4.1 (3.5) 4.8 (4.3) 0.270
score (SD) q 3.4

Note: data are % or mean (SD). Differences in descriptive characteristics between
participants in the different trajectories were tested with one-way ANOVA
(continuous) or Fisher’s Exact (categorical). { Education (International Standard
Classification of Education levels): Low = primary and lower secondary educa-
tion; Moderate = upper secondary, postsecondary non-tertiary, and short cycle
tertiary education; High = bachelor, master, and doctoral education; { Deploy-
ment stressor score measured with the Deployment Experience Scale; § Child-
hood trauma score measured with the Early Trauma Inventory Self Report-Short
Form; SD = standard deviation.

and six months post-deployment. A subset of 128 men was selected for
DNA methylation analysis, with a mean age at baseline of 22 years. The
participants showed no PTSD diagnoses (CAPS < 25) pre-deployment. In
the follow-up measurements at three months and six months
post-deployment, respectively 51 and 36 participants were diagnosed
with PTSD. The institutional review boards of the University of California
San Diego, VA San Diego Research Service, and Naval Health Research
Center approved the study. Written informed consent was obtained from
all participants.

Genome-wide DNA methylation levels were assessed in DNA extrac-
ted from whole blood using the Infinium HumanMethylation450 array.
Baseline and follow-up samples were positioned differently between
studies. Methylation level ps were calculated using the Minfi package and
normalized to correct for type-I and II probe design bias using the BMIQ
procedure implemented in watermelon. Batch and plate effects were
removed using COMBAT. Relative proportions of cell compositions were
estimated to account for cellular heterogeneity in blood-derived samples
using the Minfi package.
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Table 2
Overview statistical analyses.

Analysis Variables Statistical model Cohort/

data set

1. Discovery DMPs Outcome: DNA Mixed model PRISMO

methylation levels
(To, T1, T2)
Predictor: PTSD score
(To, T1, T2)

2. Identification Outcome: PTSD score  Mixed model PRISMO
DMRs and PRS as (To, Ty, T2)
determinants Predictor:

a. DMR methylation
levels (Tg, Ty, T2)
b. PRS
3. Replication DMRs Outcome: PTSD score ~ Mixed model MRS
(To, T1, T2)
Predictor: DMR
methylation levels
(To, T1, T2)

4. Correlations a. DMR change score  Pearson’s PRISMO
DMRs, PRS, and (To-T, correlation
PTSD symptoms or T;-Ty) x PTSD

score

(To to Ts)

b. DMR change score
x PRS

c. PRS x PTSD score
(To to Ts)

5. Association DMRs Outcome: PTSD Multinomial PRISMO
and PRS with PTSD trajectory logistic regression (imputed)
trajectories Predictor:

a. DMR change score
b. PRS

6. Prediction model Outcome: delayed Stepwise PRISMO

delayed onset PTSD trajectory (vs. backward logistic (imputed)

PTSD resilient trajectory)
Predictors: DMR
change score,
variables in Table 1

regression model

Note: DMP = differentially methylation position; PTSD = posttraumatic stress
disorder; PRS = polygenic risk score.

2.3. Polygenic risk scores

PRS of PTSD were calculated for each subject based on the Psychiatric
Genomics Consortium PTSD (PGC-PTSD) Freeze 2 European ancestry
GWAS [12], using PRSice version 2.2.11.b [25], but with the PRISMO
samples being left out of the GWAS meta-analysis. We selected SNPs
associated at the optimal p-value threshold of 0.45 or lower.

2.4. Statistical analysis

An overview of the statistical analyses can be found in Table 2. For the
methylation analysis, independent surrogate variables (ISVA) were
calculated as implemented in Meffil to adjust for technical batch effects.
Cell type composition was estimated using the Houseman algorithm
[26]. Inspection of the potential confounding was performed using the
surrogate variables and their correlation to known confounders (genetic
ancestry, cell type composition, age, smoking, and gender). Optimal fit
was obtained based on qg-plotting to avoid type I error inflation. In the
optimal model, three ISVA’s were included that effectively accounted for
technical batches (see Appendix Fig. A1) alongside five cell types, age,
smoking, gender, and two genetic principal components. To identify
differentially methylated positions (DMPs), longitudinal analyses were
conducted using DNA methylation levels (one month pre-deployment
(Tp) and one (T;) and six months (T3) post-deployment) as the
outcome and SRIP scores (Ty, T; and Tp) as a determinant in a mixed
model. Baseline SRIP score (Tp), the time variable, an interaction term
between time and SRIP scores, and the known confounders were
included in the model. The interaction term was included to assess
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whether the association between methylation level and PTSD scores
significantly changed over time. A random intercept was used to account
for the variance between participants. The QQ-plot of the expected
p-values versus the observed values and a lambda of 0.989 (see Appendix
Fig. A2) indicated absence of type-I error inflation and no artificial dif-
ferences between groups. False discovery rate p-values were calculated
according to the Benjamini-Hochberg method (p < 0.05). The assump-
tions of the linear regression mixed models were evaluated by inspecting
the distribution of residuals for the identified loci. Differentially meth-
ylated regions (DMRs) were calculated based on the p-values for each
methylation locus using the DMRcate package [27]. A DMR consists of a
strongly associated locus (p < 0.0001) and several other significantly
associated loci within the proximity of 1000 base pairs. The furthest loci
define the borders (start and stop location) of a DMR.

Standardized methylation levels (z-values) at Ty, T1, and T5 of iden-
tified DMRs of the first set of analyses were then used as determinants of
longitudinal development of PTSD symptom scores over the three time
points in a mixed model. Goodness of fit of the models was determined
using loglikelihood-ratio-tests. The optimal fitting models included a
random intercept and random slope, and assumed a quadratic develop-
ment over time. Genetic ancestry (two genetic principal components),
cell type composition (five cell types), age, smoking, and gender were
used as covariates. To assess methylation scores as determinant for PTSD
symptom development, a model with and without interaction terms be-
tween time and methylation scores and time? and methylation scores
were compared on goodness of fit using a loglikelihood-ratio-test. A p-
value < 0.05 was considered statistically significant. A similar procedure
was followed to assess PRS as a determinant of PTSD symptom scores
over time in a separate model; age and gender were used as covariates in
the mixed model, and goodness of fit was compared between the models
with and without interactions between time and PRS.

To assess the robustness of the identified DMRs in an independent
dataset, the methylation scores of the DMRs were tested as determinants
of longitudinal development of PTSD symptom scores in the MRS data set
using the same mixed model analysis with a quadratic term for time and a
random intercept and random slope. The included covariates in the
models were five cell types, three ancestry-related principal components
(based on previous MRS analyses), age, and smoking. Goodness of fit was
compared between the models with and without interactions between
the time variables and methylation scores.

For follow up analysis of the significant DMRs in the discovery and
validation analysis, DNA methylation levels at each time point were
adjusted for cell type composition by computing the residuals in a linear
regression model, and corresponding methylation change scores were
calculated (Ty-T;, T;1-T2) where a positive change score indicated a
decrease in methylation level, and a negative change score indicated an
increase in methylation level. To assess whether DMR change scores were
correlated to PTSD scores at specific time points, Pearson’s correlations
between the methylation change scores and PTSD symptom scores at six
time points (pre-deployment till five-year post-deployment) were calcu-
lated. In addition, correlations between PRS and PTSD symptom scores,
and PRS and methylation change scores were calculated. Standardized
methylation change scores and PRS were then assessed as determinants
for PTSD developmental trajectories over the five-year follow-up period
using separate multinomial logistic regression models in SPSS using an
imputed data set (see section 2.5). To assess the potential utility of DNA
methylation change scores and PRS as biological markers for a late onset
of PTSD, the DMR methylation change scores and PRS that were signif-
icantly associated with the delayed PTSD trajectory were tested in a
stepwise backward logistic regression model to predict a delayed onset
PTSD versus a resilient profile using SAS version 9.4. Several de-
mographic and psychological factors that are known from the literature
to possibly relate to changes in post-traumatic stress symptoms (for a
review [28]: were included in the full model, and can be found in Table 1.
All variables measured on a continuous scale were standardized using
z-scores. Variables with a p-value > 0.10 were eliminated step-by-step.
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Firth correction was applied for bias-reduction of the maximum likeli-
hood estimates. Long-term follow-up data on PTSD symptom scores and
trajectories were not yet available in the MRS data set and therefore
replication of the association with delayed-onset PTSD symptoms could
not be obtained.

2.5. Imputation of missing data

Missing values in the PRISMO dataset were assumed to be missing at
random, and were managed using data imputation (see Appendix
Table A.1). As multiple imputation is not suitable for a stepwise selection
approach, single Bayesian stochastic regression imputation using fifty
iterations was performed in SPSS. The imputation model included all the
predictor variables (and covariates) that were used in the multinomial
logistic regression analyses, as well as the outcome variable (PTSD
symptom trajectory).

3. Results

3.1. Genome-wide DNA methylation and polygenic risk in relation to PTSD
symptom development

Analyses identified fourteen DMRs in which PTSD symptom levels
were associated with changes in DNA methylation (see Appendix
Table A.2). Of these DMRs, four were significant determinants of longi-
tudinal development of PTSD symptom scores in the optimized mixed
models (DMR1, DMR2, DMR6, and DMR?7; Table 3). DMR1 was located
in or near the transcription start sites of the TUBA3FP pseudogene and
P2RX6 gene, DMR 2 in or near the EP300 and miRNA1281 genes, and
DMRS6 in or near the IMPA1 gene. DMR7 was not located in or near any
transcription start sites. The direction of effect was negative for all loci in
DMR1, DMR2, and DMR?7, indicating that decreased DNA methylation
levels at the DMRs were associated with increased PTSD symptom scores
over time. The effect was positive for DMRS6, indicating that increased
methylation was associated with increased PTSD symptom scores over
time. PRS was not a significant determinant of longitudinal PTSD
symptom scores (p = 0.446).

3.2. Replication of DMRs related to PTSD symptom development

Replication failed for the identified DMRs in the independent MRS
data set. Longitudinal changes in DNA methylation were not significantly
associated with longitudinal changes in PTSD symptom scores at DMR1
(p = 0.873), DMR2 (p = 0.725), DMR6 (p = 0.085), and DMR7 (p =
0.535).
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3.3. Correlation DNA methylation, polygenic risk, and PTSD symptoms

Of the four DMRs at which changes in methylation levels were sig-
nificant determinants of changes in PTSD symptom scores (section 3.1),
the methylation change between T; (one month post-deployment) and T,
(six months post-deployment) at DMR1 was positively correlated with
PTSD symptoms at T; (one month post-deployment; r = 0.348, p =
0.001), T (six months post-deployment; r = 0.244, p = 0.020) and Tg
(five years post-deployment; r = 0.281, p = 0.027). Methylation change
between T; and Ty at DMR2 was positively correlated with PTSD
symptoms at Ty (r = 0.219, p = 0.038) and Tg (five years post-
deployment; r = 0.326, p = 0.010). DMR6 methylation change be-
tween T; and T, was negatively correlated with PTSD symptoms at T;.
Methylation changes in DMR7 were not correlated with PTSD symptoms,
nor were methylation changes between Ty (pre-deployment) and T at
any of the DMRs. PRS was only correlated with PTSD symptoms at Ty (r
= 0.218, p = 0.032). There were no correlations between PRS and DMR
methylation changes.

3.4. Association methylation changes and polygenic risk with PTSD
trajectories

DNA methylation change between T; and Ty at DMR1 was signifi-
cantly associated with PTSD trajectory (loglikelihood-ratio-test: p =
0.010). The multinomial logistic regression model indicated an associa-
tion between DMR1 methylation change between T; and T, and a
recovering PTSD developmental trajectory compared to a resilient tra-
jectory (OR = 2.37, p = 0.008), and a delayed trajectory compared to a
recovering trajectory (OR = 0.497, p = 0.042). DMR2 methylation
change between T; and Ty was also associated with PTSD trajectory
(loglikelihood-ratio-test: p = 0.001). The model indicated an association
between DMR2 methylation change between T; and T and a recovering
trajectory compared to a resilient trajectory (OR = 1.65, p = 0.010), and
a delayed onset trajectory compared to a resilient trajectory (OR = 2.73,
p = 0.001). Methylation changes of DMR6 and DMR7 were not associ-
ated with PTSD developmental trajectory, nor were methylation changes
between Ty and T; in DMR1 and DMR2. PRS was not significantly
associated with PTSD trajectory. Full results of the logistic regression
models can be found in Appendix Table A.3. Mean methylation levels for
DMR1 and DMR2 on each time point for the full sample and the different
trajectories can be found in Fig. 2.

3.5. Prediction model delayed onset PTSD

As only DMR2 methylation change score between T; and T, was
associated with a delayed onset trajectory in the previous analysis, DMR2
T1-T2 methylation change (among other factors) was included in the full

Table 3
List of differentially methylated regions (DMRs) that were significant determinants of longitudinal development of PTSD symptom score.
Chromosomal position of DMR Genes Probes P-value (Stouffer method) P-value in determinant analysis
DMR1 chr22: TUBAS3FP cg06912512 8.84 E-05 0.002
21368603, P2RX6 cg19789653
21368765 cg09481857
¢g21014483
cg01038149
DMR2 chr22: 41487073, 41487283 EP300 miR1281 cg00500400 1.18 E-06 0.016
cg08131204
DMR6 chr8 IMPA1 cg05798523 1.87 E-06 0.033
82598501, cg23402311
82598664 cg03588978
cg04364718
cg12093930
DMR7 chr8: 144973617, 144973638 826529963 9.19 E-05 0.040
cg03000485

Note: the column on determinant analysis provides the P-values for the analyses in which methylation levels were tested as determinants of longitudinal development of
PTSD symptom scores; PTSD = posttraumatic stress disorder; DMR = differentially methylated region.
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Fig. 2. Mean methylation (p-value) corrected for cell type composition at the (a)
DMR1 TUBA3FP/P2RX6 and (b) DMR2 EP300/miRNA1281 locus on each time
point for the complete sample (dotted line) and separated for posttraumatic
stress disorder symptom trajectories (colored lines).

prediction model for a delayed onset PTSD trajectory (N = 106). The final
prediction model included three variables. The first variable was one’s
thread level during deployment (function inside the military base vs.
outside the base: OR = 4.11, p = 0.009; function both inside and outside
the base vs. outside the base: OR = 6.77, p = 0.010), the second variable
was physical childhood trauma (OR = 1.96, p = 0.006), and the third
variable was DMR2 T;-T, methylation change score (OR = 1.74, p =
0.029). The model had an area under the curve (AUC) of 0.79.

4. Discussion

In the present study in a Dutch military cohort, we investigated lon-
gitudinal changes in blood DNA methylation profiles across a period of
combat exposure in relation to the development of posttraumatic stress
symptoms, and studied the predictive value of these methylation changes
for the delayed onset of PTSD over a follow-up period of five years.
Methylation of four genomic regions served as significant determinants
of the longitudinal development of PTSD symptoms. Furthermore, we
found that increases in methylation between one month post-deployment
and six months post-deployment within the P2RX6 gene were associated
with a delayed onset PTSD trajectory compared to a recovering trajec-
tory, while post-deployment decreases in methylation within EP300/
miRNA1281 were associated with a delayed onset PTSD trajectory
compared to a resilient profile. Our findings provide preliminary evi-
dence for the predictive utility of DNA methylation for the late onset
development of PTSD symptoms.

Evidence was found for an association of DNA methylation changes
with PTSD symptom levels for DMRs that were located in or near the
transcription start sites of the Purinergic Receptor P2X 6 (P2RX6) gene,
E1A binding protein p300 (EP300) and microRNA 1281 (miRNA1281)
genes, and the Inositol Monophosphatase 1 (IMPA1) gene. P2RX6
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belongs to the family of P2X receptors, which are ligand-gated ion
channels. Interestingly, the related functional gene cluster (a group of
functionally highly related genes) includes RYR2 and CACNAIC [29],
previously implicated in PTSD pathogenesis [30,31]. Moreover, P2RX6
expression is suggested to be associated with anxiety behavior, schizo-
phrenia, and alcohol and drug dependence [29,32,33].

EP300 (also referred to as p300) encodes a histone acetyltransferase
that regulates transcription via chromatin remodeling [34]. It also acts as
a scaffold for transcription factors to activate gene transcription [35].
Modifications in chromatin structure have been widely implicated in
memory and cognition, and more specifically in contextual fear memory
[36]. EP300 is suggested to be required for newly acquired and reac-
tivated fear memories in the amygdala, as inhibition of EP300 impairs
fear memory consolidation, reconsolidation and synaptic plasticity in the
lateral amygdala in rodents [37]. As it has often been proposed that in
PTSD the traumatic memory has been over-consolidated and reconsoli-
dated, these findings suggest a mediating role for EP300 in the devel-
opment of PTSD symptoms. However, in the present study DNA
methylation was assessed in blood, and due to likely tissue specific dif-
ferences, it is difficult to infer causality from these findings. Less is known
about the miRNA1281 in relation to PTSD development. One microRNA
expression study found a downregulation in miRNA1281 expression in
combat veterans with PTSD compared to combat-exposed controls, but
this result has not yet been replicated in other expression studies [38].

IMPA1 encodes a modulator of intracellular signal transduction, and
is proposed as a physiologically relevant target for lithium administered
to bipolar disorder patients [39,40,41]. So far, no direct associations with
PTSD have been reported. However, IMPA1 is a putative target of
microRNA 135, a regulatory element in serotonergic activity associated
with stress-related neuropsychiatric disorders [42].

Both CpGs in the EP300/miRNA1281 locus were involved in
methylation-quantitative trait loci (mQTL) based on the mQTL Database
[43]. All indicated SNPs were located in intergenic sequences on chro-
mosome 5 and 10, and their clinical relevance is unknown. However, the
clustered SNPs on chromosome 5 were proximate to the ADAMTS16
gene, a gene previously indicated in functional impairment in psychiatric
disorders [44]. For the other loci, no clustered SNPs were identified.
Based on the iMethyl database [45], the P2RX6 locus included an
expression quantitative trait methylation (eQTM) pointing to an associ-
ation with transcription of the phosphatase-coding gene PPMIF. This
gene plays a broad role in both the stress response and serotonergic
signaling, and is suggested to moderate the association between PTSD
and cortical thickness [46,47]. The EP300/miRNA1281 locus included an
eQTM pointing to the protease-coding gene DES11. How this specific
correlations between methylation level and gene expression could relate
to PTSD development in unclear.

We attempted to replicate our identified loci in an independent pro-
spective military cohort, but the associations between methylation of the
P2RX6, EP300/miRNA1281, and IMPA1 loci and PTSD symptoms up to
six months after deployment were not significant in this replication
dataset. Moreover, this study identifies different loci compared to pre-
vious methylome wide PTSD studies. This may indicate false-positive
findings but may also be related to vast differences in methodology
and populations between studies. Several confounders are at play such as
genetic ancestry, personality, culture, environmental and combat expo-
sures, and nutrition. Specific to the replication data set, differences in
PTSD assessment (self-report vs. clinical diagnoses) and the use of
different arrays (850 k vs. 450 k) might explain any discrepancy between
the results of the separate data sets. However, we also did not find
overlap in our results and the results reported by Ref. [8]; despite our
samples were drawn from the same cohort of military personnel. Putative
reasons for that are the fact that overlap is only partial, and more
importantly, changes over three time points pose a very different concept
of DNA methylation changes. In the current analysis only the most ver-
satile loci are identified.

Unique to this study is that besides the association between DNA
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methylation changes and PTSD symptom development shortly after
deployment, we also studied the relationship between DNA methylation
changes and longer term PTSD outcomes using PTSD symptom trajec-
tories. Our study suggests predictive utility of DNA methylation at
EP300/miRNA1281 for a delayed onset of PTSD symptoms between two
and five years after the original trauma exposure. Most research ad-
dresses prevalence rates and risk factors for acute development of PTSD
symptoms after trauma exposure, and thereby overlooks those who seem
well initially but develop symptoms later in time. A challenge is to
identify who is most at risk for developing symptomatology after the
acute phase, and target follow-up screening and monitoring accordingly
[48]. In our prediction model we observed that, together with thread
level during deployment and physical childhood trauma, decreases in
methylation within EP300/miRNA1281 between one month and six
months post-deployment were most strongly associated with the devel-
opment of a delayed onset of PTSD symptoms. Although the results need
to be interpreted with caution given the low number of participants
represented in the delayed onset trajectory, this study suggests possible
utility of DNA methylation measures for screening trauma-exposed in-
dividuals for an increased risk to develop a delayed onset of PTSD. This
could be useful for prevention and early intervention in this group.
Increased methylation changes at the P2RX6 locus between one month
and six months post-deployment also predicted a delayed onset trajectory
but was only able to distinct that from a recovering trajectory. Although
the clinical utility of this finding is lower, it does suggest that individuals
with an acute and delayed onset of PTSD differ in epigenetic response
after deployment. Long-term follow-up data on symptom scores were not
available in the replication dataset and therefore we were not able to
validate these findings in an independent cohort.

It is noteworthy that not the initial change in methylation level (pre-
deployment to one month post-deployment) but the change after
deployment was associated with PTSD trajectory. Compared to pre-
deployment, the trajectories with substantial PTSD symptom develop-
ment (either acute or delayed) show an initial increase in methylation
level, whereas methylation levels drop in the resilient trajectory. How-
ever, these initial methylation responses at P2RX6 and EP300/
miRNA1281 were not significantly different between trajectories. This
suggests that, at least for the identified genomic regions, the initial
epigenetic response following trauma is similar for both PTSD cases and
controls, while they differ in their ability to reverse their methylation
levels during the aftermath of trauma, and that such reversal is protective
for PTSD.

We also compared the association between PTSD symptoms and
epigenetic measures with the association between PTSD symptoms and
individual genetic liability to PTSD (PRS). PRS showed a significant
correlation with acute onset PTSD within six months but had no relation
with later onset (in contrast to the DNA methylation prediction). This
suggests that discovery of the genetic risk is driven by onset soon after
deployment, and that different (genetic) processes may underlie delayed
onset. It also points to the possibility that sampling practice within the
PGC in other PTSD developmental trajectories lead to underrepresenta-
tion of delayed onset PTSD. In this study, DNA methylation performed
better as predictor of PTSD compared to genetic risk. The findings open a
new perspective on the role of genetic risk to PTSD and the potential role
of DNA methylation. Despite the documented relation between genetic
vulnerability and epigenetic regulation, our data underscore the vast
differences between the two and in this small dataset no common out-
comes were present. Further studies that for instance investigate genetic
risk for late onset or interrogate the relationship between PRS and DNA
methylation are of interest to unravel the complex interplay between
genetic predisposition and environmental exposures that impact on
transcriptional regulation.

The current study possessed several strengths, including the pro-
spective sampling, the use of an unbiased epigenome-wide approach,
methylation measures at three consecutive time points, and a follow-up
period of five years. Nonetheless, the study’s results should be
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interpreted in the context of its limitations. The size of our sample was
relatively small, and predominantly consisted of European males. It may
therefore be difficult to extrapolate the findings to other samples and
populations. In addition, DNA methylation was assessed in blood, and
due to tissue specificity, it is difficult to infer causality from these find-
ings. Regarding the analyses using the PTSD trajectories, the elevated
pre-deployment scores of the delayed onset and recovering trajectory
may limit the extent to which the analyses can truly predict the devel-
opment of PTSD symptoms, as individuals in these trajectories already
experienced a certain amount of PTSD symptoms before deployment.
Furthermore, the use of backward regression might have introduced
additional bias and therefore limit the generalizability of the findings
from the prediction model. Also, the reported effect sizes are small. Due
to the explorative nature of the analyses we did not adjust for the mul-
tiple prediction analysis. Adjustment for multiple testing would render
the effects non-significant, and is obviously a point of concern. Finally, as
in most DNA methylation studies, the actual DNA methylation differ-
ences driving the associations were small. Although these differences are
likely to be biologically relevant for transcript length [49] and count
[50], the field is only in the early stages of understanding the complexity
of transcriptional regulation [51].

Overall this study provided new insights into the potential relation-
ships between epigenetic alterations at different time periods and the
development of PTSD symptoms up to five years post-deployment. In
addition, a possible epigenetic mark was identified with the potential to
contribute to successful classification of individuals with increased risk
for developing a delayed onset of PTSD symptomatology. Finally, the
results suggest that the current genetic background is most strongly
related to acute disease onset, and that different processes may be at play
in those individuals that develop PTSD after years of delay.
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