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In this study we investigated genome-wide sperm DNA methylation patterns in trauma-exposed Vietnam ve-
terans. At the genome-wide level, we identified 3 CpG sites associated with PTSD in sperm including two in-
tergenic and one CpG within the CCDC88C gene. Of those associated with PTSD in sperm at a nominal level,
1868 CpGs were also associated with PTSD in peripheral blood (5.6% overlap) including the RORA, CRHR1 and
DOCK2 genes that have been previously implicated in PTSD. A total of 10 CpG sites were significantly associated
with a reported history of a diagnosed mental health condition in children and reached genome-wide sig-
nificance. CpGs associated with a history of a reported mental health condition in children were also enriched

(90% of tested genes) for genes previously reported to be resistant to demethylation, making them strong
candidates for transgenerational inheritance. In conclusion, our findings identify a unique sperm-specific DNA
methylation pattern that is associated with PTSD.

1. Introduction

Posttraumatic stress disorder (PTSD) is a disabling mental health
condition that can develop after exposure to trauma, characterised by
symptoms such as mood changes, intrusive memories, hyperarousal,
and avoidance behaviour. Epidemiological studies estimate that about
75% of the population will experience at least one traumatic event
during their lifetime (Breslau and Kessler, 2001), yet only a subset of
individuals go on to develop PTSD. Several risk factors have been
identified for the development of PTSD, which include socioeconomic
and sociodemographic factors such as education level, employment,
and marital status, in addition to a family history of psychiatric

disorders and childhood trauma (Breslau, 1999; Breslau and Davis,
1992; Brewin et al., 2000). More recently, there has been increasing
interest in identifying genetic and epigenetic risk factors involved in the
development of, and resilience to PTSD (Bruenig et al., 2017a, 2017b;
Mehta et al., 2016); and in particular, epigenetic risk factors that can be
both inherited, and altered by environment. Parental lifetime stress
exposures, likely transferred to children via epigenetic marks in germ
cells, can contribute to the programming of subsequent generations’
stress axis development and reactivity, factors critical in individual
disease vulnerability to PTSD (Rodgers and Bale, 2015).

One of the most common and widely studied epigenetic mechanisms
is DNA methylation, which can alter gene expression. DNA methylation

* Corresponding author. School of Psychology and Counselling, Faculty of Health Institute of Health and Biomedical Innovation (IHBI) 60 Musk Avenue,

Queensland University of Technology Kelvin Grove, Queensland, 4059, Australia.

E-mail address: divya.mehta@qut.edu.au (D. Mehta).

https://doi.org/10.1016/j.jpsychires.2019.06.001

Received 19 February 2019; Received in revised form 1 June 2019; Accepted 3 June 2019

0022-3956/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00223956
https://www.elsevier.com/locate/jpsychires
https://doi.org/10.1016/j.jpsychires.2019.06.001
https://doi.org/10.1016/j.jpsychires.2019.06.001
mailto:divya.mehta@qut.edu.au
https://doi.org/10.1016/j.jpsychires.2019.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpsychires.2019.06.001&domain=pdf

D. Mehta, et al.

involves the addition of a methyl group at cytosine-phosphate-guanine
dinucleotide (CpG) sites in the genome. DNA methylation has been
associated with psychosocial stress, childhood trauma, depression and
PTSD (Klengel et al., 2014). Our previous studies have identified DNA
methylation differences in PTSD that are associated with a history of
childhood abuse (Klengel et al., 2013; Mehta et al., 2013). Recently, our
team performed a genome-wide study in combat-exposed veterans and
we identified novel genes that showed peripheral blood DNA methy-
lation differences in PTSD (Mehta et al., 2017). Following on from this
study we also showed that some of these DNA methylation markers
were associated with differential gene expression (Mehta et al., 2018).
Since DNA methylation changes accumulate over time, the molecular
signature of trauma exposure may be evident substantially before
symptoms of a disorder develop.

The concept of intergenerational transmission of trauma is still de-
batable and while some studies in animals have shown this phenom-
enon to exist (Dias and Ressler, 2014) there is currently not much
evidence from human studies (Yehuda and Lehrner, 2018). The earliest
evidence of the transgenerational effects of parental lifetime stress ex-
perience comes from an animal study in which exposure to stress in
adult female rats before mating altered offspring behavioural stress
responses across two subsequent generations (Wehmer et al., 1970). In
humans, children of parents with PTSD have been shown to have higher
rates of lifetime PTSD, evidence of a family ‘ripple effect’ which has also
been termed ‘secondary traumatisation’ (Yehuda, 2004). Children of
Jewish parents with PTSD who experienced the Holocaust showed
lower basal plasma cortisol levels and elevated rates of PTSD (Yehuda
et al., 2007). Another study found that children of Vietnam veteran
fathers had an increased risk of PTSD of 5-fold for sons and 3-fold for
daughters (O'Toole et al., 2017).

There is accumulating evidence suggesting the transgenerational
transmission of DNA methylation changes from parents to children.
Exposure to stress can cause disruption in the hypothalamic pituitary
adrenal (HPA) axis, hence, genetic studies have primarily focused on
genes involved in this system. In one study, Perroud et al. investigated
epigenetic changes associated with PTSD in children of women who
were pregnant at the time of the Tutsi genocide in Rwanda (Perroud
et al., 2014). The authors found that both mothers exposed to genocide
related trauma and their children had significantly higher rates of PTSD
and depression as well as higher DNA methylation levels at exon 1F in
the promoter region of the glucocorticoid receptor gene (NR3CI)
compared to controls. Moreover, the NR3C1 methylation was nega-
tively correlated with glucocorticoid levels in plasma. Yehuda et al.
(2014a) also demonstrated that in the absence of maternal PTSD,
children with paternal PTSD showed higher DNA methylation of the
exon 1F promoter of the glucocorticoid receptor, while children with
both maternal and paternal PTSD showed lower methylation. This de-
monstrated that paternal PTSD effects were moderated by maternal
PTSD effects. Lower glucocorticoid receptor (GR) exon 1F promoter
methylation was significantly associated with greater post-dex-
amethasone cortisol suppression. In a subsequent study Yehuda and
colleagues examined transgenerational peripheral DNA methylation
changes in a gene that regulates GR sensitivity (FKBP5) in Holocaust
survivors (Yehuda et al., 2016). This study identified significantly
higher FKBP5 intron 7 DNA methylation in Holocaust survivors and
significantly lower FKBP5 intron 7 DNA methylation in their children.
The authors suggested that this observed opposite effect might be at-
tributable to biological accommodation in the children. These findings
suggest that trauma-induced DNA methylation changes can be trans-
mitted from parents to children, however these studies were limited by
their small sample sizes and the fact that the DNA methylation was
performed in peripheral blood cells.

The mechanisms of transgenerational transmission of epigenetic
signatures are complex. Inheritance of epigenetics is not 100%, as
‘epigenetic reprogramming’ of germ line cells can occur via demethy-
lation, however, some genes are resistant to this (Franklin et al., 2010;
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Gapp et al., 2014; Morgan and Bale, 2011). A recent key paper in-
vestigating fertility markers using whole genome methylation arrays
identified 94 genes that appear to be resistant to demethylation during
epigenetic reprogramming (Camprubi et al., 2017). The study revealed
spermatozoa contain a profile that is normally hypomethylated but a
select number of sites maintain a hypermethylated state. These sites are
likely to be important in transgenerational epigenetic inheritance.

To date, no study has interrogated DNA methylation differences in
germline cells of veterans with PTSD. The aim of this pilot study was to
perform a genome-wide scan of the human sperm epigenome to:

a) Compare differential tissue-specific DNA methylation patterns in
peripheral blood and semen in veterans with PTSD and depressive
symptoms

b) Investigate candidate genes and genome-wide DNA methylation
patterns in semen samples of veterans with and without PTSD

c) Test the association between fathers' psychiatric phenotypes and
DNA methylation in semen with a reported history of a mental
health condition in their now adult children

2. Materials and methods

Samples: A total of 299 male veterans who had served in the
Australian or New Zealand armed services in Vietnam during the
Vietnam War were recruited between February 2014 and July 2015 by
a specialised veteran mental health unit at Greenslopes Private Hospital
(GPH) in Brisbane through the Gallipoli Medical Research Foundation
(GMRF) and Returned and Services League of Australia (RSL) websites,
through RSL publications and newspaper and television advertisements,
and by word of mouth (McLeay et al., 2017). Of these, 159 participants
met criteria for PTSD diagnosis and the remaining 140 participants
were assigned to the control group. Participants were provided with a
sample cup for semen prior to their scheduled blood collection date and
asked to return it at their next visit. All veterans provided blood sam-
ples and a subset (n = 38) of veterans provided semen samples. For the
blood DNA methylation, we selected veterans with current PTSD di-
agnosis based on CAPS-5 (n = 48) and veterans with no current and no
previous PTSD diagnosis (n = 48) as cases and controls respectively.

A total of 104 samples (38 semen and 96 peripheral blood) were
included in this study for DNA methylation, with paired samples
available for 30 participants (semen and peripheral blood). Semen
samples used in the analysis were collected within at average of 12 days
of blood collection for DNA extraction and analysis.” The semen sam-
ples included 22 veterans with no PTSD and 16 veterans with PTSD.
This study was approved by the Greenslopes Human Ethics Committee,
Department of Veterans Affairs Human Research Ethics Committee, and
Queensland University of Technology (QUT) Human Research Ethics
Committee. All participants provided written informed consent.

Clinical Assessments: Clinical and life experience data, including
psychiatric and physical health diagnoses and combat-trauma exposure
were available for these veterans (McLeay et al., 2017) and interview-
based data was supplemented by pre-military and military data from
Army records, including information about combat exposure. Struc-
tured clinical history included demographics and information on
smoking, diet and exercise habits, lifetime history of alcohol con-
sumption, past and current illnesses and medications. Structured mili-
tary and combat history information including term of service, number
of times served, role and duration in the defence force was also col-
lected. All clinical assessments were completed within six weeks of
screening and collection of the biological samples.

PTSD symptom severity was assessed using the Clinician
Administered PTSD Scale for DSM-5 (CAPS-5) (Weathers et al., 2014).
PTSD diagnosis was performed using the CAPS-5 and the diagnosis was
validated through structured interviews by psychiatrists. Common co-
morbidities were assessed using the Mini International Neuropsychia-
tric Interview DSM IV (MINI), an instrument designed to assess major
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Axis 1 disorders with high validity and reliability (Lecrubier et al.,
1997; Sheehan et al., 1997). The Depression Anxiety Stress Scale 21
(DASS-21) is a self-report scale that measures through subscales three
different constructs: stress, depression and anxiety (Lovibond and
Lovibond, 1995). The Cronbach's Alpha DASS-21 was high with an
a = 0.95. The Patient Health Questionnaire (PHQ-9) was used in ad-
dition to screen for depression. The self-rating instrument for depres-
sion PHQ-9 was developed from the Primary Care Evaluation of Mental
Disorders (PRIME-MD) (Spitzer et al., 1999) and based on the Diag-
nostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-
IV) criteria for MDD. The Connor-Davidson Resilience Scale (CD RISC)
was used to measure resilience via a range of coping strategies that
have been shown to be successful in dealing with adversity (Connor and
Davidson, 2003). The scale has good psychometric properties (Bezdjian
et al., 2016), with a Cronbach's a = 0.93. Mental health diagnoses of
adult children were determined by a clinician-administered ques-
tionnaire asking the veterans if any of their children had ever been
diagnosed with a mental health condition (yes/no/unsure/prefer not to
answer/not applicable), followed by a free text section to name the
condition(s) and provide further details. For analysis, data were coded
as yes (one or more children diagnosed with a mental health condition)
or no (no diagnosis).

Experimental Procedures: The semen samples were frozen in
sterile specimen jars at —80 °C until processing. DNA extraction was
performed on 1 mL aliquots of thawed semen. Each semen sample was
centrifuged at high speed to separate the cellular fraction from the
seminal plasma (14000 rpm for 20 min) and the pellet was resuspended
in 200puL of lysis buffer (20mM TrisHCl, pH 8.0, 20mM EDTA,
200 mM NacCl, 4% SDS, 80 mM DTT and 12.5 pL/mL proteinase K) and
incubated at 56 °C for a minimum of 60 min. The samples were vortexed
twice during incubation to disperse the homogenate. When the pellet
was completely dissolved, 200puL Buffer AL (Qiagen, Chadstone,
Australia) was added to the sample. The suspension was vortexed and
incubated at 70 °C until the precipitate dissolved. The remainder of the
DNA extraction and purification was performed using the Qiagen
QiAMP Mini DNA extraction kit as per the manufacturer's instruction.
Extracted DNA was initially assessed for quality and quantity using the
Nanodrop spectrophotometer (Thermo Fisher Scientific, Brendale,
Australia). DNA samples were stored frozen at — 80 °C until transfer to
the Australian Genome Research Facility (AGRF) for epigenetic ana-
lysis.

Blood samples were sent to AGRF for DNA extraction as previously
described (Mehta et al., 2017). Genomic DNA was extracted from a
2mL blood sample, using MACHERY-NAGEL NucleoSpin L (MACHE-
REY-NAGEL GmbH & Co. KG, Dueren, NRW, Germany).

Quality assessment of the sperm and blood DNA samples was per-
formed by resolution on a 0.8% agarose gel at 130 V for 60 min and
Quanti-iT (Thermo Fisher Scientific, Australia) fluorescence assess-
ment. Samples were bisulphite converted (500 ng) with Zymo EZ DNA
Methylation kit (Mehta et al., 2013; Wockner et al., 2014). The mi-
croarray experimental procedures have previously been described
(Mehta et al., 2017).

Statistical analysis: Raw beta values from EPIC Illumina arrays
were exported into R (Version 3.4.0, The R Foundation for Statistical
Computing) for statistical analysis. The level of methylation was de-
termined by calculating a “P value” (the ratio of the fluorescent signals
for the methylated vs. unmethylated sites). The raw data was back-
ground and control-normalized using the Bioconductor MINFI package
(1.4.0) (Aryee et al., 2014).

Data were analysed using an established analysis pipeline com-
prising of custom statistical programs and scripts (Barfield et al., 2014;
Mehta et al., 2011, 2013) written in R and Linux. Surrogate variable
analyses (SVA) of the sperm DNA methylation revealed two significant
SVA vectors which were used as covariates in the model to correct for
technical artefacts and hidden confounds (Leek and Storey, 2007). We
have previously used this method to correct for ethnicity, cell counts,
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current medication, BMI and smoking (Mehta et al., 2017). Generalized
regression models were performed to identify genomic sites sig-
nificantly associated with PTSD, where the DNA methylation betas
were regressed against the PTSD symptom severity and the SVAs were
used as covariates. For association with reported children mental health
status, DNA methylation betas were regressed against the reported
children mental health status and the SVAs were used as covariates.
Results were corrected for multiple testing using a 10% false discovery
rate (FDR).

Functional annotation of the genes corresponding to the top 100
CpG sites was performed using the KEGG database via the Webgestalt
interface (Wang et al., 2013) to identify enriched pathways with at least
three genes within the pathway using a hypergeometric test for en-
richment evaluation analysis and adjusted p-value of less than 0.05
after Bonferroni correction.

3. Results
3.1. Demographics of samples

Of the 104 veterans, 53 veterans had current PTSD and 51 veterans
had no current PTSD. The average age was 68.44 [0.42] years.
Demographics and characteristics of the 38 veterans with sperm DNA
methylation and the complete 104 veteran cohort are shown in Table 1
and Supplementary Table 1 respectively.

3.2. PTSD-associated DNA methylation in sperm versus peripheral blood

We interrogated DNA methylation patterns associated with PTSD in
semen samples from veterans (n = 38) and tested their overlap with
previously reported DNA methylation patterns associated with PTSD in
peripheral blood from veterans (n = 96). Sample demographics are
provided in Supplementary Table 1. Of these, a total of 30 veterans
were included in both sperm and peripheral blood analyses. Of 33,129
CpG sites associated with PTSD in sperm (p < 0.05), 1,868 CpGs
(1,176 unique genes) were also associated with PTSD in peripheral
blood (5.6% overlap, enrichment p-value > 0.05, Supplementary
Table 2 and Supplementary Fig. 1). Functional annotation via the KEGG
database revealed that the overlapping genes were enriched for RNA
transport, cell adhesion molecules, metabolic pathways and pathways
in cancer (adjusted p-value < 0.05). Among the genes overlapping
between sperm and peripheral blood were genes previously reported to
be associated with PTSD including RORA, DOCK2 and CRHRI1.

3.3. PTSD-associated DNA methylation differences in sperm

To identify DNA methylation patterns associated with PTSD in
semen samples from veterans (n = 16 with PTSD, 22 without PTSD),
sperm DNA methylation was tested for association with PTSD symptom
severity after correcting for SVAs.

We specifically tested two genes, the glucocorticoid receptor gene
(NR3C1/GR) and its co-chaperone the FKBP5 gene whose DNA me-
thylation have previously been reported to be transgenerationally
transmitted from parents to children (Perroud et al., 2014; Yehuda
et al., 2014b, 2016). We tested a total of 41 CpGs within the FKBP5
gene and a total of 89 CpGs within the GR gene that were present in the
dataset. DNA methylation of a total of four CpGs (two CpGs within GR
and two CpGs within FKBP5) were significantly associated with PTSD in
the veterans (p < 0.05) but none of these survived multiple testing
correction (Table 2).

At the genome-wide level, a total of three CpG sites were sig-
nificantly associated with PTSD symptom severity after correction for
multiple testing (Table 3 and Fig. 1). These included two intergenic CpG
sites and one CpG within the CCDC88C gene. Interestingly, two CpG
sites within the CCDC88C gene were also associated with PTSD in
peripheral blood (Supplementary Table 2).
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Table 1
Demographics of the 38 veterans with sperm DNA methylation.

Phenotype Mean [SE]/N [%] P-value
Non PTSD PTSD Group difference
n=22 n=16

Service type: Army 14 14 0.251

Airforce 6 1
Navy 2 1

Age (in years) 67.77 [0.67] 67.00 [0.58] 0.409

Berlin BMI 28.99 [0.72] 28.96 [0.85] 0.983

Marital status: Married 18 [81.8%)] 13 [81.3%] 0.569

Divorced 2 [9.1%] 2 [12.5%]
Other (Single/Widowed) 2 [9.1%] 1 [6.3%]
Employment status: Retired 14 [63.6%)] 5 [31.3% 0.012
Full-time working 4 [18.2%] 0 [0%]
Part-time working 1 [4.5%] 2 [12.5%]
Not working 3 [13.6%)] 9 [56.3%]

PTSD Symptom Severity score (CAPS) 2.68 [0.73] 16.38 [1.94] 1.03 x10~8

PTSD Symptom Severity score (CAPS) 75.55 [2.8] 72.63 [4.54] 0.568

PTSD Symptom Severity score (CAPS) 2.14 [0.45] 6.13 [1.37] 0.003

PTSD Symptom Severity score (CAPS) 1.18 [0.38] 6.00 [1.21] 0.00012

PTSD Symptom Severity score (CAPS) 4.73 [0.78] 10.56 [1.41] 0.00045

PTSD Symptom Severity score (CAPS) 2.50 [0.57] 8.31 [1.30] 6.6 x10°°

PTSD Symptom Severity score (CAPS) 5 [22.7%] 5 [31.3%] 0.556

PTSD Symptom Severity score (CAPS) 1 [4.5%] 1 [4.5%] 0.671

PTSD Symptom Severity score (CAPS) 0 [0%] 1 [4.5%] 0.475

PTSD Symptom Severity score (CAPS) 0 [0%] 2 [12.5%] 0.088

PTSD Symptom Severity score (CAPS) 1 [4.5%] 9 [64.3%] 0.00031

Functional annotation via the KEGG database revealed that the top
100 CpGs were significantly enriched for genes within the TGF-beta
signalling (adjusted p-value = 0.0025), focal adhesion (adjusted p-
value = 0.027) and regulation of actin cytoskeleton (adjusted p-
value = 0.0320) pathways.

3.4. Association of paternal phenotypes and sperm DNA methylation with
mental health in veterans ‘children

We tested the association of psychiatric phenotypes in the veteran
with a reported mental health condition in one or more of their chil-
dren. Of the 38 veterans with sperm DNA methylation available, 32 had
children and 6 did not - 9 veterans had one child, 12 veterans had 2
children, 8 had 3 children, 2 veterans had 4 children and 1 veteran had
6 children. Hence a total of 71 offspring (25 males, 36 females and 10
unknown) were analysed. The PTSD symptom severity in veterans was
not significantly associated with history of a mental health condition in
their children (p = 0.061) however a trend for significance was ob-
served. The DASS-21 depression (p = 0.005), anxiety (p = 0.014) and
stress (p = 0.014) scores in veterans significantly predicted reported
presence of a mental health diagnosis in their children. Additionally,
the PHQO scores in the veterans were also significantly associated with
reported mental health diagnosis in their children (p = 0.014).

To investigate the likelihood of paternal transmission of DNA me-
thylation from the father to their children, we tested if veteran sperm
DNA methylation patterns were associated with a reported diagnosed
mental health condition in one or more of their children. For the GR and
FKBP5 candidate genes, DNA methylation of a total of 20 CpG sites (16
in GR and 4 in FKBP5) was associated with mental health diagnosis in
their children (p < 0.05) and of these one CpG in GR and one CpG in
FKBP5 survived correction for multiple testing (Table 2). At the
genome-wide level a total of 10 CpG sites were significantly associated
with the presence of a reported mental health condition in their chil-
dren after correction for multiple testing. The CpGs were located within
the LCP1, SKOR1, PAX6, CUX1, GLTSCR1, CCDC85C, VWDE, DCLK2
and PLEKHGS5 genes (Table 3 and Fig. 2). For eight of these nine genes
(LCP1, PAX6, CUX1, GLTSCR1, CCDC85C, DCLK2, PLEKHG5 and
VWDE), methylation in at least one CpG site was also associated with
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PTSD in sperm DNA as well as peripheral blood DNA (Supplementary
Table 2).

Next, we compared the results to a previously reported list of 94
genes that were shown to be resistant to demethylation in sperm,
making them strong candidates for transgenerational inheritance
(Camprubi et al., 2017). Of the 94 candidate genes, a total of 69 genes
were present on the DNA methylation array and were interrogated. A
total of 62 out of the 69 (90% of tested genes) transgenerational in-
heritance candidate genes also showed significant sperm DNA methy-
lation differences in veterans associated with a reported mental health
condition in one or more of their adult children (Supplementary
Table 3).

Functional annotation via the KEGG database revealed that the top
100 CpGs were significantly enriched for genes within the insulin sig-
nalling pathway (adjusted p-value = 7.38e-5).

4. Discussion

Comparison of PTSD associated DNA methylation marks in sperm
versus those in peripheral tissues may help identify genes and pathways
involved in the development of PTSD, and provide insight into the
heritability of PTSD via epigenetic changes. In this novel study we
performed a genome-wide scan of the sperm epigenome to compare
DNA methylation differences among veterans with and without PTSD.

Three major analyses were performed, one to test the overlap of
PTSD-associated DNA methylation in sperm and peripheral blood; one
to identify DNA methylation patterns in sperm associated with PTSD
and another to test fathers’ psychiatric phenotypes and DNA methyla-
tion patterns in sperm associated with a reported mental health con-
dition in one or more of their children.

At the genome-wide level, three CpGs were significantly associated
with PTSD symptom severity after correction for multiple testing in-
cluding two intergenic CpG sites and one CpG within the CCDC88C
gene that encodes a ubiquitously expressed coiled-coil domain-con-
taining protein that interacts with the dishevelled protein and is a ne-
gative regulator of the Wnt signalling pathway. Previously, mutations
within the CCDC88C gene have been associated with congenital hy-
drocephalus (Drielsma et al., 2012; Ruggeri et al., 2018), different types
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Table 2

CpG sites in GR and FKBP5 genes associated with PTSD and reported diagnosis

of mental health condition in adult children.

CpG Gene Pvalue Beta Effect Pvalue Beta Effect
PTSD PTSD child child mental
mental health
health

cg00052684 FKBP5 7.36E-01 2.65E-04 2.60E-01 —1.74E-02
cg00130530 FKBPS5 2.54E-01 3.40E-04 5.52E-01 3.54E-03

cg00140191 FKBP5 2.25E-01 1.94E-04 2.18E-01 3.90E-03

cg00610228 FKBP5 2.97E-01 —1.09E-04 1.11E-03 —6.29E-03
cg00862770 FKBP5 6.63E-01 —4.18E-05 3.28E-01 1.85E-03

cg01294490 FKBP5 6.20E-02 2.21E-04 9.01E-01 3.00E-04

cg03098337 FKBP5 1.15E-01 —7.13E-04 9.19E-01 9.26E-04

cg03245912 FKBP5 5.75E-01  9.09E-05 3.00E-01 —3.32E-03
cg03546163 FKBPS5 2.08E-01 —1.59E-03 9.28E-02 —4.17E-02
cg03591753 FKBP5 5.95E-01 2.12E-04 2.61E-01 —8.82E-03
cg04137760 FKBP5 3.71E-01  3.92E-04 3.32E-01 8.44E-03

cg04791658 FKBPS5 1.98E-01 4.60E-04 3.82E-01 6.24E-03

cg05039098 FKBP5 4.47E-01 8.05E-04 2.15E-01 —2.59E-02
cg06087101 FKBP5 9.37E-01  4.96E-05 1.30E-01 —1.86E-02
cg06409316 FKBPS 5.99E-01 2.94E-04 2.27E-01 1.33E-02

cg06937024 FKBP5 5.47E-01 —5.36E-05 9.09E-02 —2.93E-03
cg07061368 FKBP5 1.41E-02 —1.68E-03 9.45E-01 —9.77E-04
cg07485685 FKBP5 4.01E-02 —4.28E-04 9.33E-02 —7.01E-03
cg07633853 FKBP5 7.67E-01 —3.10E-04 8.93E-03 —5.16E-02
cg07696519 FKBP5 9.69E-01  3.59E-05 2.32E-01 —2.17E-02
cg07843056 FKBP5 6.84E-01 —5.90E-05 3.35E-01 —2.76E-03
cg08586216 FKBP5 4.04E-01 —2.23E-04 1.02E-01 —8.56E-03
cg08636224 FKBP5 3.27E-01 9.08E-04 2.73E-02 3.94E-02

cg09268536 FKBP5 4.19E-01 —5.65E-04 3.06E-02 —2.91E-02
cgl1845071 FKBP5 3.82E-01 —1.03E-04 2.28E-01 —2.82E-03
cgl11905112 FKBP5 1.82E-01 —1.20E-03 3.73E-01 —1.59E-02
cgl3344434 FKBP5 9.10E-01 —6.91E-05 4.87E-01 —8.37E-03
cgl4284211 FKBP5 5.93E-01 —5.81E-04 5.56E-02 —4.02E-02
cg14339974 FKBP5 4.46E-01 —8.33E-04 7.97E-01 —5.60E-03
cgl4642437 FKBP5 8.05E-01 —1.98E-04 5.80E-02 2.94E-02

cgl15929276 FKBP5 9.96E-01 4.26E-06 4.91E-01 —1.04E-02
cgl6052510 FKBPS5 7.80E-01 3.15E-04 7.36E-01 7.55E-03

cg16912838 FKBP5 2.67E-01 —8.30E-04 4.38E-01 —1.16E-02
cgl7030679 FKBP5 4.20E-01 1.40E-04 6.75E-01 —1.44E-03
cgl7085721 FKBPS5 9.75E-02 —1.16E-03 6.23E-01 —6.95E-03
cg19014730 FKBP5 6.59E-01 5.17E-04 5.32E-01 1.45E-02

cgl19226017 FKBP5 6.16E-01 —3.39E-04 3.33E-01 —1.29E-02
cg20813374 FKBP5 4.10E-01 —2.46E-04 7.27E-01 —2.07E-03
cg22363520 FKBPS5 1.17E-01 8.10E-04 5.53E-01 —6.17E-03
cg23416081 FKBP5 2.10E-01 1.48E-03 2.63E-01 2.63E-02

cg24295963 FKBP5 8.38E-01 —1.58E-04 4.59E-01 —1.13E-02
cg00294552 NR3Cl1 7.06E-02 —1.14E-03 7.28E-01 4.43E-03

cg00407401 NR3Cl 6.55E-01 —3.47E-04 4.03E-01 —1.29E-02
cg00629244 NR3C1 4.12E-01 9.48E-05 1.64E-01 3.16E-03

cg01294526 NR3Cl1 7.19E-02 —9.83E-04 5.71E-01 —6.28E-03
cg01751279 NR3Cl 4.92E-01 4.84E-04 4.09E-01 —1.15E-02
cg01967637 NR3Cl 6.35E-01 —9.14E-05 8.64E-02 —6.41E-03
cg03746860 NR3C1 3.93E-01 —5.16E-04 9.13E-01 —1.31E-03
cg03857453 NR3Cl1 4.58E-01 —4.42E-04 1.15E-01 —1.84E-02
cg03906910 NR3Cl 8.26E-01 —2.69E-04 4.55E-02 —4.72E-02
cg04111177 NR3C1 5.98E-01 —5.03E-05 7.22E-01 —6.75E-04
cg04457787 NR3C1 8.37E-01 1.32E-04 3.16E-01 —1.27E-02
cg05483455 NR3Cl 6.11E-02 —9.23E-04 3.81E-03 —2.73E-02
cg05900547 NR3Cl1 6.79E-01 —4.20E-04 3.24E-01 —1.98E-02
cg06521673 NR3Cl 8.47E-01 —1.15E-05 3.20E-01 —1.16E-03
cg06613263 NR3Cl 3.87E-01 8.20E-04 2.00E-01 2.39E-02

cg06952416 NR3C1 7.12E-01 1.32E-04 8.97E-01 —9.14E-04
cg06968181 NR3Cl 6.42E-01 —1.00E-04 1.48E-01 —6.10E-03
cg07515400 NR3Cl 9.43E-01 1.11E-05 3.70E-01 —2.74E-03
cg07528216 NR3Cl1 7.72E-01 9.95E-05 1.21E-01 —1.04E-02
cg07589972 NR3Cl 7.76E-01 1.72E-04 2.27E-01 —1.43E-02
cg07715663 NR3Cl1 5.32E-01 3.82E-04 8.10E-01 2.93E-03

cg07733851 NR3Cl 3.21E-01 4.03E-04 5.57E-03 2.13E-02

cg07742588 NR3Cl1 3.32E-01 —7.75E-04 2.63E-01 1.77E-02

cg08423118 NR3Cl1 4.14E-01 6.80E-04 6.46E-01 —7.61E-03
cg08695103 NR3Cl 7.63E-01 —2.60E-04 6.20E-02 —3.11E-02
cg08818984 NR3Cl1 2.08E-01 —2.15E-03 6.50E-03 —8.85E-02
cg08845721 NR3Cl1 4.05E-01 5.77E-04 8.12E-03 3.47E-02

cg10847032 NR3Cl 6.13E-01 —6.80E-05 6.23E-01 —1.32E-03
cgl11152298 NR3Cl 3.86E-01 6.40E-05 1.20E-01 —2.25E-03
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Table 2 (continued)

CpG Gene Pvalue Beta Effect Pvalue Beta Effect
PTSD PTSD child child mental
mental health
health
cg12466613 NR3Cl1 3.58E-01 —4.79E-04 2.02E-01 —1.31E-02
cgl12741214 NR3Cl1 1.09E-01 —6.59E-04 4.89E-02 —1.59E-02
cg12888360 NR3Cl1 7.49E-01 3.43E-04 5.48E-01 —1.27E-02
cg12969488 NR3Cl1 9.99E-02 8.75E-04 1.79E-03 3.13E-02
cg13514002 NR3Cl1 7.37E-01 —1.52E-04 6.54E-01 —4.03E-03
cg13648501 NR3Cl1 4.54E-01 9.37E-05 7.46E-01 —8.08E-04
cg13764763 NR3Cl 7.92E-01 1.42E-04 1.01E-01 1.72E-02
cg14438279 NR3Cl 9.45E-01 —4.17E-05 3.79E-01 1.04E-02
cg14558428 NR3Cl1 6.87E-01 4.71E-05 5.59E-01 1.36E-03
cgl14621978 NR3Cl 1.99E-02 —1.34E-03 2.75E-01 —1.29E-02
cg14939152 NR3Cl 7.88E-01 —2.55E-05 2.95E-02 —3.96E-03
cg15115787 NR3Cl1 9.93E-01 5.01E-06 6.80E-01 4.84E-03
cgl5645634 NR3Cl 1.83E-01 —1.18E-04 3.44E-01 —1.67E-03
cg15910486 NR3Cl 2.33E-01 —2.00E-04 2.55E-01 —3.80E-03
cg16219186 NR3Cl1 3.50E-01 6.50E-04 5.06E-03 3.68E-02
cg16224829 NR3Cl 1.62E-01 —6.72E-04 5.02E-02 —1.84E-02
cg16335926 NR3Cl 7.02E-01 —3.32E-05 8.28E-01 3.74E-04
cgl6535116 NR3Cl 3.64E-01 —8.64E-04 5.94E-01 —1.01E-02
cg16586394 NR3Cl 1.89E-01 —5.40E-04 8.61E-01 —1.45E-03
cg16594263 NR3Cl 2.36E-02 —1.47E-03 3.18E-01 —1.32E-02
cg17342132 NR3Cl 4.24E-01 5.05E-04 5.72E-03 3.29E-02

¢g17349736 NR3Cl 9.30E-01 —5.40E-05 6.77E-01 5.06E-03
cg17617527 NR3Cl 6.35E-01 —3.94E-05 8.82E-01 2.45E-04

cg17860381 NR3Cl 2.39E-01 —1.05E-04 4.51E-01 —1.34E-03
cgl8019515 NR3Cl 3.62E-01 —6.82E-05 4.21E-02 —2.95E-03
cg18068240 NR3Cl 1.80E-01 —1.32E-04 4.43E-01 —1.51E-03
cg18146873 NR3Cl 9.09E-01 —1.88E-05 9.81E-01 —7.81e-05
cg18484679 NR3Cl 8.24E-01 1.50E-04 2.30E-02 —2.94E-02
cg18718518 NR3Cl1 1.13E-01 4.82E-04 7.95E-005 2.17E-02
cg18849621 NR3Cl1 3.46E-01 1.15E-04 1.76E-01 3.25E-03
cg18998365 NR3Cl1 3.57E-01 3.75E-04 8.93E-03 2.02E-02
cgl9135245 NR3Cl1 1.01E-01 4.14E-04 3.19E-01 5.07E-03
cg19176661 NR3Cl 6.12E-01 —2.94E-04 3.16E-01 1.14E-02
cg19432243 NR3Cl1 9.49E-01 6.68E-05 7.15E-01 7.55E-03
cg19457823 NR3Cl 4.64E-01 —6.29E-04 8.58E-01 3.06E-03
cg19645279 NR3Cl 9.45E-01 6.96E-05 2.48E-01 2.29E-02
¢g19820298 NR3Cl1 9.90E-01 1.23E-05 3.22E-01 1.84E-02
cg20598211 NR3Cl 9.91E-01 —8.33E-06 4.18E-01 —1.15E-02
¢g20728768 NR3Cl 8.16E-02 —1.34E-03 4.61E-01 —1.15E-02
cg20753294 NR3Cl 5.75E-01 —1.68E-04 5.47E-02 —1.11E-02
cg21209684 NR3Cl1 5.34E-01 6.73E-05 6.45E-01 9.90E-04
cg21702128 NR3Cl 5.03E-01 —6.11E-05 2.57E-01 —2.03E-03
cg21979215 NR3Cl1 7.00E-01 4.60E-04 6.60E-01 —1.04E-02
cg22233604 NR3Cl1 3.37E-01 4.17E-04 8.02E-01 2.18E-03
€g22402730 NR3Cl1 6.38E-01 3.97E-05 7.09E-01 —6.25E-04
cg23273257 NR3Cl 9.42E-01 —2.58E-05 9.53E-02 —1.16E-02
cg23430507 NR3Cl1 5.35E-01 4.32E-04 2.57E-02 2.98E-02
cg23776787 NR3Cl1 4.74E-01 —9.27E-04 8.32E-02 —4.37E-02
€cg24026230 NR3Cl1 8.20E-01 3.68E-05 8.41E-01 6.44E-04

cg24052866 NR3Cl 5.83E-01 —3.75E-04 6.68E-01 5.83E-03
cg24801588 NR3Cl 8.52E-01 —1.55E-04 1.15E-01 2.56E-02

€g25535999 NR3Cl 6.24E-01 —3.19E-04 4.58E-01 —9.56E-03
¢g25579735 NR3Cl1 6.11E-01 2.91E-04 1.15E-01 1.76E-02
cg25708981 NR3Cl 9.83E-01 —2.26E-05 5.57E-01 1.27E-02
€g26081259 NR3Cl 2.39E-02 —1.83E-03 9.78E-01 —4.64E-04
cg26464411 NR3Cl1 3.07E-01 2.76E-04 2.81E-01 5.77E-03
¢cg26720913 NR3Cl 5.55E-01 —1.02E-03 3.99E-02 —6.86E-02
¢g27107893 NR3Cl 5.79E-01 —1.29E-03 1.02E-01 —7.41E-02
cg27122725 NR3Cl 8.79E-01 5.14E-05 7.22E-01 2.38E-03
cg27345592 NR3Cl1 9.57E-01 5.11E-05 9.27E-02 3.09E-02

Beta Effect = the beta effect of the regression of CpGs associated with PTSD and
child mental health.

of cancer (Ara et al., 2016; Gosenca et al., 2014) and spinocerebellar
ataxia (Tsoi et al., 2014). To the best of our knowledge there is no link
of the CCDC88C gene to stress-related disorders however in a mouse
model, 5-hydroxymethylcytosine modification of CCDC88C was re-
ported to be associated with exposure to acute stress (Li et al., 2016).
Comparison with CpGs that were significantly associated with PTSD
symptom severity in peripheral blood showed a non-significant overlap
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Table 3a
CpGs associated with PTSD severity.
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CpG P-value P-value children mental health

Chr Base pair Beta effect Gene symbol

¢g10076395
g08786732
€g23701703

5.58E-07
7.88E-07
3.37E-06

6.11E-01
1.33E-01
1.43E-01

140101434
40765955
223947

0.0027
—0.0032
—0.0017

SLC37A3 (intergenic)
SLC25A15 (intergenic)
CCDC88C

13
14

(5.6%, 1,176 genes), indicating that these DNA methylation marks were
sperm-specific. This included genes previously reported to be associated
with PTSD including RORA and CRHR1. Additionally, of the 1176 genes
associated with PTSD in both sperm and peripheral blood, 145 genes
were also associated with a reported mental health condition in adult
children. These genes are of interest given that they were reported to be
significantly associated with PTSD in both analyses and are more likely
to represent genes whose DNA methylation might be transgener-
ationally transmitted via the germline. Among these genes was the
DOCK2 gene which we have previously reported to be associated with
PTSD (Mehta et al., 2017).

Functional annotation of the differentially methylated sites via the
KEGG database revealed that the top 100 CpGs associated with PTSD
symptom severity were overrepresented for genes within the TGF-beta
signalling, focal adhesion and regulation of actin cytoskeleton path-
ways. A study of mice lacking TGF-beta signalling in dopaminergic
neurons supports a role for TGF-beta in regulating dopaminergic and
GABAergic neurons and contribution to psychiatric disorders (Luo
et al., 2016).

For association with a reported history of diagnosed mental health
condition in adult children, at the genome-wide level a total of 10 CpG
sites were significant after correction for multiple testing. The CpGs
were located within the LCPI, SKORI1, PAX6, CUXI1, GLTSCRI,
CCDC85C, VWDE, DCLK2 and PLEKHGS5 genes. All of these genes show
previous association with psychiatric disorders. Of the 10 CpGs, the
CpG within the VWDE gene was also associated with PTSD symptom
severity in the veterans in sperm while for eight of the nine genes, at
least one CpG was associated with PTSD in both sperm and peripheral
blood. VWDE (von Willebrand factor D and EGF domains) is a gene
worth following up as high levels of von Willebrand factor is a re-
cognised risk factor for coronary heart disease. Increased levels of von
Willebrand factor antigen is also associated with PTSD and may explain
the increased risk of thrombosis and cardiovascular complaints in PTSD
patients (Robicsek et al., 2011). The LCP1 is the L-plastin gene whose
phosphorylation is important for immune synapse maturation. It has
been previously demonstrated that glucocorticoid dexamethasone in-
hibits L-plastin phosphorylation, thereby preventing maturation of the
immune synapse (Wabnitz et al., 2011). Another interesting gene was
the CUX1 that plays a specific role in the development of cortical
pyramidal neurons (Li et al., 2010). There is previous evidence that
polymorphisms of the CUXI gene may be associated with response to
antidepressant treatment in patients with MDD (Sasayama et al., 2013).
SKOR1 or MAPZKS5 is a gene identified in GWASs to be associated with

Table 3b
CpGs associated with children mental health diagnosis.

CpGs associated with PTSD in sperm

~logio(p)

1 2

3 4 56 789 11 13 15 18 22 24

Chromosome

Fig. 1. Manhattan plot of CpG sites associated with PTSD in sperm samples
from veterans. The red line indicates CpG sites significant at 10% false dis-
covery rate. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

restless leg syndrome which is often comorbid with anxiety and de-
pression disorders (Catoire et al., 2018). PAX6 methylation significantly
predicts depressive symptomatology in children (Kaufman et al., 2018)
and plays a key role in neurogenesis and differentiation of dopami-
nergic neurons (de Chevigny et al., 2012). PLEKHGS is involved in
neuronal cell differentiation and is associated with motor neuron dis-
ease (Maystadt et al., 2007). PLEKHGS differential methylation is also
associated with depression in men who have been exposed to early life
stress (Khulan et al., 2014). DCLK2 is expressed in the brain and double
DCLK2 and DXC (microtubule-associated protein) knockout mice have
severe abnormalities in the hippocampus (Hayashi et al., 2015).
GLTSCR1 is likely to play a role as a calcium channel modulator as it
was identified as an expression quantitative trait locus for SLC8A2
which is a known calcium exchanger in resting state arousal (Jawinski
et al., 2018). One of the major symptoms of PTSD is hypervigilance and

CpG P-value P-value PTSD Chr Base pair Beta effect Gene symbol
cg06477663 4.97E-07 4.01E-01 13 46757415 —0.0393 LCP1
cg11923198 7.37E-07 2.72E-01 15 68125277 0.0096 SKOR1
¢g06705930 1.22E-06 1.75E-01 11 31823191 0.1181 PAX6
cg10541043 2.42E-06 1.94E-01 7 101892633 0.0404 CUX1
cg15889872 3.18E-06 4.73E-01 11 31823181 0.0496 PAX6
¢g11589723 3.34E-06 3.36E-01 19 48205483 0.0474 GLTSCR1
cg12773397 3.40E-06 3.23E-01 14 100066736 —0.0436 CCDC85C
¢g03579179 4.29E-06 2.55E-02 7 12444095 0.0213 VWDE
¢g14311957 4.46E-06 8.20E-02 4 151130601 —0.0331 DCLK2
cg16146806 4.75E-06 8.56E-01 1 6530205 0.0526 PLEKHG5
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CpG sites associated with reported diagnosis
of mental health condition in adult children

~logsa(p)

1 2 3

4 5 6 7 89

11 13 15 18 22 24

Chromosome

Fig. 2. Manhattan plot of CpG sites associated with reported diagnosis of
mental health condition in adult children. The red line indicates CpG sites
significant at 10% false discovery rate. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

arousal. CCDC85C is associated with cortical development and differ-
ential methylation of CCDC85C is associated with early childhood ad-
versity (Yang et al., 2013).

While PTSD symptom severity showed a trend for association, the
DASS 21 depression, anxiety and stress scores in veterans significantly
predicted reported mental health diagnosis in their children, suggesting
that paternal psychiatric symptoms were associated with the mental
health status of their children. We tested DNA methylation patterns
associated with PTSD by focussing on the GR and FKBP5 genes pre-
viously reported to be transgenerationally transmitted from parents to
children in DNA methylation studies in humans (Perroud et al., 2014;
Yehuda et al., 2016). DNA methylation of a total of 4 CpGs (2 CpGs in
GR and 2 CpGs in FKBP5) were significantly associated with PTSD in
the veterans (p < 0.05) but none of these survived multiple testing
corrections. However, testing the association of these genes with a re-
ported mental health condition in their adult children revealed 20
significant CpG sites (16 in GR and 4 in FKBP5) and one CpG in GR and
one CpG in FKBP5 survived correction for multiple testing. It is
worthwhile noting that the previous studies performed on GR and
FKBP5 genes were candidate-based studies performed in peripheral
blood samples hence were likely to be missed in a genome-wide ana-
lysis as they would be unlikely to survive multiple testing correction.
Previous studies (Perroud et al., 2014; Yehuda et al., 2016) have shown
than GR and FKBP5 genes DNA methylation patterns are transmitted
from parents to offspring and these are associated with mental health,
hence we hypothesize that the association with offspring mental health
likely reflects underling inherited DNA methylation differences in these
genes that influence the stress sensitivity and regulate the HPA neu-
roendocrine stress axis.

Of note, sperm DNA methylation differences in veterans who re-
ported a mental health condition in their adult children were also en-
riched (90% of tested genes) for genes previously reported to be re-
sistant to demethylation in sperm, making them strong candidates for
transgenerational inheritance (Camprubi et al., 2017). Functional an-
notation revealed an overrepresentation of genes within the insulin
signalling pathway. This is of interest given the link between PTSD and
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metabolic disorders (Konjevod et al., 2019). The insulin signalling
pathway was also significantly enriched in a genome-wide methylation
study of PTSD in world trade centre first-responders (Kuan et al., 2017).

Our study has several limitations. This is a small study and re-
plication of these findings in larger samples is warranted. This study has
focussed on DNA methylation as a likely mechanism for transgenera-
tional transmission of trauma and PTSD marks. However, there are
alternate mechanisms of transgenerational transmission apart from
experience-dependent changes in parental behaviour such as exposure
to environmental toxins. Smoking for example has been associated with
epigenetic changes in mature sperm, suggesting that molecular sig-
natures in germ cells in addition to parental behaviour may be poised to
pass on information about the parental environment to their children
(Li et al., 2012; Marczylo et al., 2012). Also, DNA methylation can be
affected by several different factors and while we have attempted to
account for these, it is likely that there are other unaccounted covari-
ates that remain to be addressed. Furthermore, we were unable to test
directly for transgenerational transmission as we did not have access to
DNA methylation patterns in the children of veterans, nor did we for-
mally evaluate mental health histories of veterans' children; hence we
used fathers' reports of a diagnosis of mental health conditions in their
children as a surrogate measure. We recognise that these self-reports
may be confounded by the psychological state or diagnosis of the par-
ticipant and factors such as residing with the children and family sup-
port might also influence the results. We acknowledge that in addition
to putative biological mechanisms many other risk factors may increase
the risk for PTSD incidence in military personnel. Analysis of the bio-
logical pathways of differentially methylated genes was performed at a
gene level, hence there might be a bias towards genes covered by more
CpGs on the microarray. Finally, our analysis was performed using
sperm samples collected decades after conception of the veterans’
children; a temporal difference in data that can only be avoided with a
prospective, longitudinal study. Nevertheless, our findings suggest that
the effects of parental trauma may be transmitted to future generations.
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Abbreviations

PTSD Posttraumatic stress disorder

CpG cytosine-phosphate-guanine dinucleotide
HPA hypothalamic pituitary adrenal

NR3C1  glucocorticoid receptor gene

GR glucocorticoid receptor

FKBP5  FK506 Binding Protein 5

GMRF  Gallipoli Medical Research Foundation
QUT Queensland University of Technology
GPH Greenslopes Private Hospital

DSM-IV Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition
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CAPS-5 Clinician Administered PTSD Scale for DSM-5

MINI Mini International Neuropsychiatric Interview DSM IV
DASS-21 Depression Anxiety Stress Scale 21

PHQ-9 Patient Health Questionnaire PHQ-9

PRIME-MD Primary Care Evaluation of Mental Disorders

MDD Major Depressive Disorder

CD RISC Connor-Davidson Resilience Scale

HCI Hydrogen Chloride

EDTA  Ethylenediaminetetraacetic acid

NaCl Sodium Chloride

SDS Sodium Dodecyl Sulfate

DTT Dithiothreitol

AGRF Australian Genome Research Facility AGRF
SE standard error

KEGG Kyoto Encyclopedia of Genes and Genomes
VWDE  von Willebrand factor D and EGF domains
IHBI Institute of Health and Biomedical Innovation
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