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ABSTRACT

Objective

Military servicemen deployed to war zones are at increased risk of developing
posttraumatic stress disorder (PTSD) and successful adaptation to stress is important.
Epigenetic alterations in response to trauma have been identified as mechanism of
adaptation and may therefore predict deployment-related PTSD symptoms. To date,
human studies of epigenetic marks for traumatic stress have been largely constrained
by short-term analyses of one or two time points.

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.

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.
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Associations between PTSD symptoms and changes in the DNA methylome of deployed servicemen

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'2. 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:*®). Candidate gene as well as epigenome-wide
studies have highlighted genes involved in the immune system and HPA axis that are
involved in PTSD®. 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 longitudinal data are
scarce. The largest study on methylation changes so far suggests the implication of
immune-related genes in the human leukocyte antigen region, HEXDC, and MADI1LT, a
gene previously associated with PTSD”. A genome-wide DNA methylation study of our
group in a Dutch military sample pinpointed novel genomic regions where decreases
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 HISTTH2APS2 in an independent prospective military cohort of US marines®.
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®.

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
identification 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.

m




Chapter 5

Studies by others and our group show that PTSD can develop with a latency of months to
several years, as demonstrated by identification of a delayed onset PTSD developmental
trajectory in addition to resilient and recovery trajectories". Routine screening for
PTSD usually discontinues after one or two years post-deployment. Identification of
biological 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'?. 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 longitudinal 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 symptomatology 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.

MATERIALS AND METHODS

Discovery data set

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 military personnel deployed to Afghanistan for at least
four months between 2005 and 2008™. The current study draws on peripheral blood
samples from 125 PRISMO participants obtained one month before deployment and

12



Associations between PTSD symptoms and changes in the DNA methylome of deployed servicemen

one and six months after the deployment period, and survey data obtained at six
different time points spread out over five years (Figure 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.

50 -

Delayed onset
(26%)

as
40 4 Recovering (15%)
35 -

30 4

PTSD symptom score

Resilient (59%)

25

20 -
deployment 6 months 2 years
| |
| | |
pre 1 month 1year 5 years

PTSD symptom scores

Figure 1. Schematic illustration of the overall study design and the latent developmental 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'; 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).

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 concurrent validity with other PTSD measures'™'>. As
recommended in the literature, a cut-off score of 38 was used to indicate substantial
PTSD symptoms™. 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 Figure 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'. 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
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recovery process (i.e. recovering) (Figure 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'®. Childhood trauma was assessed using the Dutch version of the Early
Trauma Inventory Self Report-Short Form (ETISR-SF)"”. 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.

DNA isolation genotyping and methylation quantification

Genotyping was conducted using lllumina 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 (lllumina, 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 functional normalization procedure of
Meffil's. The dataset was preprocessed in R version 3.3.3 with the meffil package',
using functional normalization™. 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 samples 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?%?'. 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 0 (no cytosine methylation) to 1 (complete cytosine
methylation). Analyses were performed using M-values (log?2 ratio of beta values)?2.
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Table 1. Demographics and clinical characteristics of the full PRISMO sample and the different PTSD
developmental trajectories.

All Resilient Recovering Delayed
onset
(N=125) (N=74) (N=19) (N=32) p-value
Gender (%) 92.8 94.6 89.5 90.6 0.559
Male 7.2 54 10.5 9.4
Female
Age (SD) 27.3(8.9) 271(8.7) 26.6(8.5 28297 0797
Educational level (%)* 40.0 38.4 41.2 433 0.622
Low 52.5 56.2 52.9 433
Moderate 7.5 5.5 59 13.3
High
Rank (%) 44.0 44.6 474 40.6 0.897
Private 23.2 24.3 26.3 18.8
Corporal 24.8 24.3 15.8 313
Non-commissioned officer 8.0 6.8 10.5 9.4
Staff officer
Previous deployment(s) (% yes) 46.2 451 44 .4 50.0 0.899
Function (%) 21.6 17 17.6 34.5 0.045
Inside the military base 67.2 75.7 70.6 44.8
Outside the military base 1.2 7.1 11.8 20.7
Both inside and outside the military
base
Deployment year (%) 13.6 135 15.8 12.5 0.936
2005 or 2006 86.4 86.5 84.2 87.5
2007 or 2008
New deployment(s) (% yes) 221 22.0 22.2 22.2 1.000

Deployment stressor score (SD)° 6.4 (3.6) 6.5(3.5) 7.7 (3.0) 5.5(3.9) 0.142

Childhood trauma score (SD)c 3.9(3.4) 3.6(2.9) 41(3.5) 4.8(4.3) 0.270

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
education; moderate=upper secondary, postsecondary non-tertiary, and short cycle tertiary education;
high=bachelor, master, and doctoral education; ® Deployment stressor score measured with the
Deployment Experience Scale; ¢ Childhood trauma score measured with the Early Trauma Inventory
Self Report-Short Form; SD=standard deviation.
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Replication data set

Replication of the identified DMRs was sought in the Marine Resiliency Study (MRS)?.
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)**. Peripheral blood samples
were collected pre-deployment and three 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 extracted from whole
blood using the Infinium HumanMethylation450 array. Baseline and follow-up samples
were positioned differently between studies. Methylation level 3s were calculated using
the Minfi package and normalized to correct for type-l and Il 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.

Polygenic risk scores

PRS of PTSD were calculated for each subject based on the Psychiatric Genomics
Consortium PTSD (PGCGPTSD) Freeze 2 European ancestry GWAS'?, using PRSice version
2.2.11.b%, 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.

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?®. 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 | error inflation. In the optimal model, three ISVA's
were included that effectively accounted for technical batches (see Supplementary
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Figure S7) 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
(TO)and one (T1) and six months (T2) post-deployment) as the outcome and SRIP scores
(TO, T1 and T2) as a determinant in a mixed model. Baseline SRIP score (T0), 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 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 Supplementary Figure S2) indicated absence of type-I error inflation and
no artificial differences between groups. False discovery rate p-values were calculated
according to the Benjamini-Hochberg method (p < 0.05). The assumptions of the linear
regression mixed models were evaluated by inspecting the distribution of residuals for
the identified loci. Differentially methylated regions (DMRs) were calculated based on
the p-values for each methylation locus using the DMRcate package?’. 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 TO, T1, and T2 of identified 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
development 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 between 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.
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Table 2. Overview statistical analyses.

Analysis Variables Statistical Cohort/
model data set
1. Discovery DMPs Outcome: DNA methylation levels (T, T, T,)  Mixed PRISMO
Predictor: PTSD score (T, T, T,) model
2. Identification DMRs and  Outcome: PTSD score (T, T, T,) Mixed PRISMO
PRS as determinants Predictor: model
a. DMR methylation levels (T, T,, T,)
b. PRS
3. Replication DMRs Outcome: PTSD score (T, T, T,) Mixed MRS

Predictor: DMR methylation levels (T, T,, T,) model

o "1 12
4. Correlations DMRs, PRS, a. DMR change score (T -T, or T,-T,)x PTSD  Pearson’'s ~ PRISMO
and PTSD symptoms score (T to T,) correlation
b. DMR change score x PRS
C. PRS X PTSD score (T to T.)

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

b. PRS
6. Prediction model Outcome: delayed PTSD trajectory (vs. Stepwise PRISMO
delayed onset PTSD resilient trajectory) backward  (imputed)
Predictors: DMR change score, variablesin  logistic
Table 1 regression
model

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

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 (TO-T1, T1-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
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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 calculated. 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 significantly 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
demographic and psychological factors that are known from the literature to possibly
relate to changes in post-traumatic stress symptoms (for a review:%) 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. Firth correction was applied for bias-reduction of the maximum likelihood
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.

Imputation of missing data

Missing values in the PRISMO dataset were assumed to be missing at random, and were
managed using data imputation (see Supplementary Table S1). 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).

RESULTS

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 Supplementary Table S2). Of these DMRs, four were
significant determinants of longitudinal development of PTSD symptom scores in the
optimized mixed models (DMR1, DMR2, DMR6, and DMR7; 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 miRNA1287 genes, and DMRG6 in or near the IMPAT
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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 DMRY7, indicating that decreased DNA
methylation levels at the DMRs were associated with increased PTSD symptom scores
over time. The effect was positive for DMR6, 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).

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).

Table 3. List of differentially methylated regions (DMRs) that were significant determinants of
longitudinal development of PTSD symptom score.

Chromosomal Genes Probes p-value p-valuein
position of DMR (Stouffer determinant
method) analysis
DMR1 chr22: TUBA3FP cg06912512 8.84 E-05 0.002
21368603, P2RX6 cg19789653
21368765 cg09481857
€g21014483
cg01038149
DMR2 chr22: EP300 cg00500400 118 E-06 0.016
41487073, miR1281 cg08131204
41487283
DMR6 chrs: IMPAT cg05798523 1.87 E-06 0.033
82598501, €g23402311
82598664 cg03588978
cg04364718
€g12093930
DMR7 chrs: - €g26529963 9.19 E-05 0.040
144973617, cg03000485
144973638

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.

Correlation DNA methylation, polygenic risk, and PTSD symptoms
Of the four DMRs at which changes in methylation levels were significant determinants
of changes in PTSD symptom scores (section 3.1), the methylation change between
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T1 (one month post-deployment) and T2 (six months post-deployment) at DMR1 was
positively correlated with PTSD symptoms at T1 (one month post-deployment; r =
0.348, p = 0.001), T2 (six months post-deployment; r = 0.244, p = 0.020) and T6 (five
years post-deployment; r =0.281, p = 0.027). Methylation change between T1 and T2 at
DMR2 was positively correlated with PTSD symptoms at T2 (r = 0.219, p = 0.038) and T6
(five years post-deployment; r = 0.326, p = 0.010). DMR6 methylation change between
T1 and T2 was negatively correlated with PTSD symptoms at T1. Methylation changes
in DMR7 were not correlated with PTSD symptoms, nor were methylation changes
between TO (pre-deployment) and T1 at any of the DMRs. PRS was only correlated with
PTSD symptoms at T2 (r = 0.218, p = 0.032). There were no correlations between PRS
and DMR methylation changes.

Association methylation changes and polygenic risk with PTSD trajectories

DNA methylation change between T1 and T2 at DMR1 was significantly associated with
PTSD trajectory (loglikelihood-ratio-test: p = 0.010). The multinomial logistic regression
model indicated an association between DMR1 methylation change between T1 and
T2 and a recovering PTSD developmental trajectory compared to a resilient trajectory
(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 T1 and T2 was also associated
with PTSD trajectory (loglikelihood-ratio-test: p = 0.001). The model indicated an
association between DMR2 methylation change between T1 and T2 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 associated with PTSD developmental trajectory, nor were
methylation changes between TO and T1 in DMR1 and DMR2. PRS was not significantly
associated with PTSD trajectory. Full results of the logistic regression models can be
found in Supplementary Table S3. Mean methylation levels for DMRT and DMR2 on each
time point for the full sample and the different trajectories can be found in Figure 2.

Prediction model delayed onset PTSD

As only DMR2 methylation change score between T1 and T2 was associated with
a delayed onset trajectory in the previous analysis, DMR2 T1-T2 methylation change
(among other factors) was included in the full 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 T1-T2 methylation change score (OR =
1.74, p = 0.029). The model had an area under the curve (AUC) of 0.79.
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Figure 2. Mean methylation (3-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).
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DISCUSSION

In the present study in a Dutch military cohort, we investigated longitudinal 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 trajectory, while post-deployment decreases in methylation within
EP300/miRNA1281 were associated with a delayed onset PTSD trajectory compared to
aresilient profile. Our findings provide preliminary evidence 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 P2X6 (P2RX6) gene, E1A binding protein p300 (EP300) and microRNA 1281
(miRNA12817) genes, and the Inositol Monophosphatase 1 (IMPAT) gene. P2RX6 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 CACNATC®, previously implicated in PTSD pathogenesis®®3'. Moreover, P2RX6
expression is suggested to be associated with anxiety behavior, schizophrenia, and
alcohol and drug dependence??323,

EP300 (also referred to as p300) encodes a histone acetyltransferase that regulates
transcription via chromatin remodeling®*. It also acts as a scaffold for transcription
factors to activate gene transcription®. Modifications in chromatin structure have been
widely implicated in memory and cognition, and more specifically in contextual fear
memory?*. £P300 is suggested to be required for newly acquired and reactivated fear
memories in the amygdala, as inhibition of EP300 impairs fear memory consolidation,
reconsolidation and synaptic plasticity in the lateral amygdala in rodents®. As it has often
been proposed that in PTSD the traumatic memory has been over-consolidated and
reconsolidated, these findings suggest a mediating role for £P300 in the development
of PTSD symptoms. However, in the present study DNA methylation was assessed in
blood, and due to likely tissue specific differences, it is difficult to infer causality from
these findings. Less is known about the miRNA1287 in relation to PTSD development.
One microRNA expression study found a downregulation in miRNA1281 expression in
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combat veterans with PTSD compared to combat-exposed controls, but this result has
not yet been replicated in other expression studies?®.

IMPAT encodes a modulator of intracellular signal transduction, and is proposed
as a physiologically relevant target for lithium administered to bipolar disorder
patients*4'. So far, no direct associations with PTSD have been reported. However,
IMPAT is a putative target of microRNA 135, a regulatory element in serotonergic activity
associated with stress-related neuropsychiatric disorders?.

Both CpGs in the EP300/miRNAT281 locus were involved in methylation-quantitative
trait loci (mQTL) based on the mQTL Database®. All indicated SNPs were located in
intergenic sequences on chromosome 5 and 10, and their clinical relevance is unknown.
However, the clustered SNPs on chromosome 5 were proximate to the ADAMTST6 gene,
a gene previously indicated in functional impairment in psychiatric disorders**. For the
other loci, no clustered SNPs were identified. Based on the iMethyl database*, the
P2RX6 locus included an expression quantitative trait methylation (€QTM) pointing to an
association with transcription of the phosphatase-coding gene PPMTF. 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*#. The EP300/
miRNA1281 locus included an eQTM pointing to the protease-coding gene DEST1. How
these 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 prospective military
cohort, but the associations between methylation of the P2RX6, EP300/miRNA1281, and
IMPAT 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
previous 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 exposures, 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?; 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 versatile loci are identified.
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Unique to this study is that besides the association between DNA 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 trajectories. 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 addresses 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 £P300/miRNA1281
between one month and six months post-deployment were most strongly associated
with the development 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 individuals 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 development (either acute or delayed) show an initial increase in methylation
level, whereas methylation levels drop in the resilient trajectory. However, these initial
methylation responses at P2RX6 and EP300/miRNAT281 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

125




Chapter 5

(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 underrepresentation 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 outcomes 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 prospective 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 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 findings. 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 development 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 multiple 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 differences driving the associations were small. Although these
differences are likely to be biologically relevant for transcript length* and count®®,
the field is only in the early stages of understanding the complexity of transcriptional
regulation®’.
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Overall this study provided new insights into the potential relationships 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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Figure S1. Correlation plot showing the relation of the SVA with potential confounders.

Note: PCG=principal components; SVA=surrogate variables.
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Figure S2. QQ-plot of the robust error analysis.
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Table S1. Details on missing values in the outcome variable and the variables included in the single
Bayesian stochastic regression imputation model.

Non-imputed variables Missing values N (%)
PTSD score at baseline 18 (14.4)
PTSD score at 1 month 11(8.8)
PTSD score at 6 months 8(6.4)
PTSD score at 1 year 37(29.6)
PTSD score at 2 years 48 (38.4)
PTSD score at 5 years 41 (32.8)
Imputed variables Missing/imputed values N (%)
DMR1 methylation at baseline 8(6.4)
DMR1 methylation at T month 17 (13.6)
DMR1T methylation at 6 months 16 (12.8)
DMR2 methylation at baseline 13(10.4)
DMR2 methylation at T month 18 (14.4)
DMR2 methylation at 6 months 16 (12.8)
DMR6 methylation at baseline 13 (10.4)
DMR6 methylation at baseline 18 (14.4)
DMR6 methylation at 1 month 16 (12.8)
DMR7 methylation at baseline 13 (10.4)
DMR7 methylation at 1 month 18 (14.4)
DMR7 methylation at 6 months 16 (12.8)
New deployment(s) 39(31.2)
Childhood general trauma score 1(0.8)
Childhood physical trauma score 1(0.8)
Childhood emotional trauma score 2(1.6)
Childhood sexual trauma score 2(1.6)

Note: PTSD=posttraumatic stress disorder; DMR=differentially methylated region.
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Table S2. Genome-wide significant differentially methylated regions (DMRs) in the PRISMO sample.

Chromosomal Genes Probes M-value per p-value
position of DMR timepoint (Stouffer
method)

DMR1 chr22: TUBA3FP g06912515  T,:-6.11253 8.84 E-05
21368603, P2RX6 -6.10767
21368765 -6.08259
1-6.02660
-5.9845
-5.98876
:-6.13618
-6.09909
-6.11143
1-5.58381
-5.54866
-5.55620
©-4.84318
-4.81578
-4.74708

N

cg19789653

o

N

g09481857

o

N

€g21014483

o

N

cg01038149

o

N

DMR2 chr22: EP300 cg08131204
41487073, miR1281
41487283

1-3.12842 118 E-06
:-3.01123
:-3.05542
:-4.54530
1-4.49676
1-4.51763

o

N

cg00500400

o

R I e T R T L R B B B I (e B M I I B B B

~

DMR3 chr20: RP1-309F20.3  (g22741626 T, 109991 9.84 E-04
57463265, GNAS T 111214
57463357 T,:1.12866

g18997188 T, 0.64609
T,:0.62023
T,:0.65643
g20213508  T,1074252
T, 0.74046
T,:072923
g26791489  T,:0.81432
T,:0.82604
T,:0.84242
g04779428 T, 066349
T,:0.61870
T,:0.65497
g04019914  T,:1.04222
T,:1.01672
T,01.03912
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Table S2. (Continued)

Chromosomal Genes Probes M-value per p-value
position of DMR timepoint (Stouffer
method)

11.90534 121 E-05
11.88825
£1.83039
£1.68837
£1.64132
11.65797
11.65318
£1.57792
11.65894
£1.01138
T:0.96431
T,11.05977
g13749314  T,:0.31032
T:0.31886
T, 034482

DMR4 chr19: CTD-3187F8.11 cg15497724
51774377, CTD-3187F8.2
51774666

o

N

cg01718065

o

N

€g14884932

=]

N

e T T B e I B B

cg14724749

o

DMR5 chri12: APOLD1 cg09462578 T
12878428, RP11-180M15.4
12878440

1-4.12678 113 E-05
1-4.11350
:-4.13727
:-4.97590
:-5.00137
:-5.01364

0

~

cg04607235

o

~N

DMR6 chrs: IMPAT cg05798523
82598501,
82598664

:-5.26660 1.87 E-06
:-5.26110
:-5.24939
:-5.38898
:-5.37957
:-5.35563
:-3.99517
:-4.03742
1-4.02731
1-4.34152
1-4.33815
1-4.29553
:-3.80685
:-3.83977
:-3.84049

o

N}

€g23402311

o

N]

g03588978

o

N}

cg04364718

o

N]

€g12093930

o

e e B e e B B e e e B e e R R B B

N}

DMR7 chra: - g26529963  T,:3.16448 919 E-05
144973617, T:3.12878
144973638 T,:313937
g03000485 T, 4.08064
T,:4.05300
T,:4.03901
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Table S2. (Continued)

Chromosomal Genes Probes M-value per p-value
position of DMR timepoint (Stouffer
method)

DMR8 chré: ZBTB22 cg04810660 T,:3.20113 7.68 E-04
33284488, T,:3.19972
33284646 T,:3.16011

2

cg08277746 13.74881
13.68120
:13.69285
:-0.73371
:-0.70736

:-0.72112

o

N]

cg08421271

o

~

DMR9 chr5: - cg17598923
101119084,
101119128

:0.17186 8.03 E-06
:0.11530

:0.19588

:-0.75757

:-0.74531

:-0.76296

o

N

cg05545777

o

N]

DMR10 chrb: SLC23A1 cg00697057
138713897,
138713954

13.06206 5.65E-03
:3.05007
£3.00003
g00976381  T,:3.09307
T,:3.04942
13.03631

o

T T T e e T B B B T R T I B B

N

—

2

©-4.45823 1.95 E-07
L-4.44725
1-4.43517
1-4.04009
1-3.94427
1-3.98976
©-4.96032
:-4.94016
1-493127
©-4.27786
1-4.26749
1-4.24284
:-4.77078
©-4.80223
1-4.76779
:-3.97715
1-3.97837
11397150

DMR11 chr4: STPG2 cg10515332
99064459,
99064746

o

N]

€g25414656

o

N

cg00999950

o

N]

cg18180107

o

N

cg03467027

o

cg07917127

e T T B T L B e I B B B B [ B B I
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Table S2. (Continued)

Chromosomal Genes Probes M-value per p-value
position of DMR timepoint (Stouffer
method)

DMR12 chr4: TRAM1TL1 €g22155281 T, 2.55812 413 E-07
118007206, T,:2.56540
118007342 T,:2.55645
cg03345976 T,:3.30031
T,:3.30940
T,:3.30381
02.02421
:1.99190
:1.95923

2

€g25548984

o

N

DMR13 chr2: cwezz cg00460911
180872053,
180872164

1-4.58714 115 E-05
1-4.57924
:-4.58118
:-4.64359
1-4.59443
1-4.63647
1-3.94919
:1-3.88086
1-3.89682
:-4.58004
:-4.55757
1-4.61858
1-4.40511
1-4.40451
1-4.41391

o

~

€g20057831

o

~N

cg01881094

o

~

cg18778932

o

~N

cg04967250

o

~

DMR14  chri; PER3 805803631
7844446,
7844471

1-4.91736 2.62 E-06
1-4.86505
1-4.88813
:-5.08050
:-5.06171
:-5.09185
1-4.96257
1-4.93527
1-4.93220
:-4.83361
:-4.73638
:-4.70705

o

N]

cg01444397

o

N}

cg06338235

o

N]

cg16456870

o

e e B T e B I B e B R I I B B B I B B B T e B B I B A I

N}

Note: DMR=differentially methylated region; T,=pre-deployment; T,=1 month post-deployment; T,=6
months post-deployment.

139



Chapter 5

Table S3. Parameter estimates for the association between PTSD developmental trajectories and DNA

methylation changes or polygenic risk scores in the imputed and non-imputed datasets.

Imputed dataset

DNA methylation change

baseline - 1 month

Odds-ratio(95%-Cl)

DNA methylation change

1 month - 6 months
Odds-ratio(95%-Cl)

DMR1

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

0.859 (0.552-1.338)
0.649 (0.397-1.061)
1.324(0.773-2.268)

1.155(0.705-1.894)
2.374%* (1.248-4.516)
0.487* (0.243-0.973)

DMR2

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

0.759 (0.497-1.160)
0.613(0.371-1.014)
1.238(0.717-2.137)

1.653* (1.033-2.644)
2.734%* (1.509-4.956)
0.605 (0.328-1.114)

DMR6

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

1155 (0.767-1.740)
0.877 (0.527-1.457)
1.317 (0.744-2.331)

1.095(0.715-1.675)
0.673(0.400-1.133)
1.627(0.902-2.937)

DMR7

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

1.216 (0.803-1.841)
1.239(0.752-2.041)
0.981 (0.565-1.703)

0.983 (0.645-1.498)
0.927 (0.554-1.550)
1.061 (0.595-1.891)

Non-imputed dataset

DNA methylation change

baseline - 1 month

Odds-ratio(95%-Cl)

DNA methylation change

1 month - 6 months
Odds-ratio(95%-Cl)

DMR1

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

0.800 (0.490-1.306)
0.639(0.370-1.103)
1.252 (0.694-2.260)

1.406 (0.772-2.563)
2.065* (1.050-4.060)
0.681 (0.342-1.357)

DMR2

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

0.838 (0.524-1.341)
0.892 (0.499-1.594)
0.940 (0.490-1.802)

1.708 (0.988-2.953)
1.938* (1.029-3.651)
0.881(0.445-1.744)

DMR6

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

1.066 (0.665-1.709)
0.794 (0.435-1.448)
1.342(0.681-2.647)

1.155(0.686-1.943)
0.742 (0.415-1.328)
1.556 (0.781-3.097)

DMR7

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

1.310(0.818-2.098)
1.124(0.623-2.028)
1.165(0.607-2.237)

0.912 (0.549-1.514
1.106 (0.614-1.992)
0.824(0.416-1.632)

Polygenic risk score?

Delayed vs. Resilient
Recovering vs. Resilient
Delayed vs. Recovering

0.700 (0.094-5.212)
5.530(0.554-55.24)
0.127(0.008-1.900)

Note: * p-value <0.05; ** p-value <0.01; @ Variable polygenic risk score had no missing values and was
therefore not imputed; PTSD=Posttraumatic stress disorder; Cl=confidence interval; DMR=differentially

methylated region.
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