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Extensive pharmacologic, genetic, and epigenetic research has
linked the glucocorticoid receptor (GR) to memory processes, and
to risk and symptoms of posttraumatic stress disorder (PTSD). In
the present study we investigated the epigenetic pattern of 12
genes involved in the regulation of GR signaling in two African
populations of heavily traumatized individuals: Survivors of the
rebel war in northern Uganda (n = 463) and survivors of the Rwan-
dan genocide (n = 350). The strongest link between regional meth-
ylation and PTSD risk and symptoms was observed for NTRK2,
which encodes the transmembrane receptor tropomyosin-related
kinase B, binds the brain-derived neurotrophic factor, and has
been shown to play an important role in memory formation.
NTRK2 methylation was not related to trauma load, suggesting
that methylation differences preexisted the trauma. Because
NTRK2 methylation differences were predominantly associated
with memory-related PTSD symptoms, and because they seem to
precede traumatic events, we next investigated the relationship
between NTRK2 methylation and memory in a sample of nontrau-
matized individuals (n = 568). We found that NTRK2 methylation
was negatively associated with recognition memory performance.
Furthermore, fMRI analyses revealed NTRK2 methylation-dependent
differences in brain network activity related to recognition memory.
The present study demonstrates that NTRK2 is epigenetically linked
to memory functions in nontraumatized subjects and to PTSD risk
and symptoms in traumatized populations.
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Posttraumatic stress disorder (PTSD) is a chronic pathological
response to a traumatic event and characterized by reexper-
iencing of the traumatic event, avoidance of stimuli associated
with the trauma, negative alterations in cognition and mood, and
hyperarousal (1). Reexperiencing symptoms include intrusive
daytime recollections, traumatic nightmares, and flashbacks in
which components of the event are relived, even years after the
events took place (2). The formation of an aversive memory trace
after a traumatic experience is an important pathogenic mecha-
nism for the development of PTSD (3-7). Consequently, factors
that influence the formation and reactivation of the aversive
memory trace might also influence risk and symptoms of PTSD.

Stress activates the hypothalamus—pituitary-adrenal (HPA)
axis, which results in the release of glucocorticoid hormones
from the adrenal cortex. It has long been recognized that glu-
cocorticoids readily enter the brain and affect memory processes
(8, 9). Studies investigating glucocorticoid signaling effects on
distinct memory phases and studies discerning acute from chronic
effects helped to disentangle the multifaceted actions of these
stress hormones. For example, acute elevations of glucocorticoids
at levels known to enhance the consolidation of memory of
emotionally arousing information have been shown to impair the
retrieval of already stored emotionally arousing information

www.pnas.org/cgi/doi/10.1073/pnas.2008415117

(10-14). Furthermore, growing evidence indicates that these acute
glucocorticoid effects depend on emotional arousal-induced acti-
vation of noradrenergic transmission within the amygdala and on
interactions of the amygdala with other brain regions (8, 15-19).
The enhancement of memory for emotionally arousing events in
most cases has an obvious adaptive value (20). However, in cases
of extremely aversive experiences, this mechanism can lead to
overly strong traumatic memories, which contribute to the devel-
opment and symptoms of PTSD (3-7, 16).

When looking at changes in the glucocorticoid system in
PTSD, it is important to note that this disorder is not character-
ized by persistently increased glucocorticoid levels (21), as in the
case of chronic stress, but rather by enhanced HPA axis feedback
(2, 22). Moreover, there is evidence suggesting that enhanced
HPA axis feedback might represent a pretrauma risk factor for the
disorder (23-25).

Significance

In the present study we investigated the epigenetic pattern of
genes involved in the regulation of glucocorticoid receptor
signaling in two African populations of heavily traumatized
individuals. The strongest link between regional methylation
and posttraumatic stress disorder (PTSD) risk and symptoms
was observed for NTRK2, which has been shown to play an
important role in memory formation. NTRK2 methylation was
not related to trauma load, suggesting that methylation dif-
ferences preexisted the trauma. Furthermore, NTRK2 methyl-
ation was found to be related to memory and memory-related
brain activity in healthy nontraumatized individuals. The pre-
sent findings suggest that epigenetic modifications of NTRK2
are involved in memory modulation in health, and in influ-
encing risk and symptoms of PTSD in case of traumatic
experiences.
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Interindividual differences in glucocorticoid receptor (GR)
signaling might be partially driven by underlying epigenetic
mechanisms. DNA hypermethylation of the GR gene (NR3CI)
promoter in rodents (NR3CI-17) and humans (NR3CI-1F) (26)
is associated with low maternal care, maternal depression, and
perinatal stress (27, 28). Previously, we investigated whether
epigenetic differences in the human NR3CI promoter are re-
lated to aversive memory and the risk for PTSD. We found that
increased DNA methylation at the NGFI-A binding site of the
NR3C1 promoter was associated with less intrusive memory of
the traumatic event and reduced PTSD risk in survivors of the
Rwandan genocide (29). This association was independent of the
trauma load, suggesting that the epigenetic changes preexisted
the trauma. In healthy individuals, NR3C1 methylation was re-
lated to reduced picture recognition and differences in recogni-
tion memory-related brain activity (29).

In the present study, we further examined the association
between epigenetic modification of glucocorticoid signaling and
PTSD by expanding our analysis to the genes involved in the
regulation of GR signaling (RGRS) pathway in two independent
samples of severely traumatized individuals. In a second-level
analysis, after accounting for multiple comparisons within the
RGRS pathway, we identified an epigenetic locus in neurotrophic
tyrosine kinase receptor type 2 (NTRK2) to be significantly asso-
ciated with traumatic memory, avoidance, and PTSD risk. Finally,
to investigate if NTRK2 methylation might be related to memory
processes prior to traumatic events, we investigated the associa-
tion of this epigenetic locus with recognition memory performance
and recognition memory-related brain activation in healthy,
trauma-unexposed subjects.

Materials and Methods

African Samples, Conflict Survivors. PTSD risk and symptomatology were
assessed in two independent African samples. In the African sample 1, we
included n = 463 survivors of the rebel war in northern Uganda (mean age
29y, 18 to 55 y; 44.1% females) (Table 1). For the African sample 2, we in-
vestigated n = 350 survivors from the 1994 Rwandan genocide (mean age 34.8
y, 18 to 68 y; 49.1% females) (Table 1). This sample represents an extended
cohort of individuals, previously investigated in a study linking epigenetic
modifications of the NR3C7 gene with PTSD and traumatic memories (29).

All subjects had experienced traumatic situations and were examined
according to Diagnostical and Statistical Manual of Mental Disorders IV
(DSM-IV) criteria (1). Traumatic load was estimated by assessing the number
of different traumatic event types experienced or witnessed (30). Taking
into account known ceiling effects of trauma load on PTSD risk, individuals
with extreme levels of trauma exposure were excluded for the current
analyses (31).

Saliva samples were collected at the time-point of the main investigation
for the DNA isolation. Study procedures were approved by the ethics com-
mittees of the University of Konstanz, Germany; the Mbarara University of
Science and Technology, Mbarara, Uganda; the Gulu University, Uganda;
Lacor Hospital, Gulu, Uganda; and the Ugandan National Council for Science
and Technology, Uganda. Before the interview, all participants provided
informed consent. For details see S/ Appendix.

Swiss Sample, Healthy Young Adults. Memory was assessed in a sample of
healthy young adults from Basel, Switzerland (Swiss sample: n = 568; mean
age 23.8y, 18.3 to 36.8 y; 59% females). Subjects performed different con-
secutive tasks as described in detail previously (32, 33). For the purpose of

Table 1. PDS scores and percentage of lifetime PTSD diagnosis

the present study, we focused on a picture-based episodic memory recog-
nition task that was tested 60 to 80 min after encoding.

For DNA isolation, subjects were reinvited for an additional blood sam-
pling, which took place on average 360 d (median 341 d) after the main
investigation. The investigation was carried out in accordance with the latest
version of the Declaration of Helsinki. The ethics committee of the Cantons of
Basel-Stadt- and Basel-Landschaft approved the experiments. Before the
interview, all participants provided informed consent. For details, see
SI Appendix.

fMRI Data Analyses. Subject-level contrast estimates for correct recognition
(correctly remembered pictures — pictures correctly identified as new) were
used for association analyses with memory performance and DNA methyl-
ation (n = 498 subjects with complete dataset). More precisely, the dimen-
sion of the fMRI contrasts (participants x voxels) was first reduced using
independent component analysis (ICA). ICA was used as an unbiased, data-
driven method to reduce the dimensionality of those data to a lower
number of statistically independent components (ICs). These components
represent statistically independent latent sources that underlie the contrast
estimates (voxel loadings). The decomposition also provides an estimation of
each component’s activity strength per participant (participant scores). The
subjects included in this analysis were part of a larger imaging genetics co-
hort of 1,576 subjects (34), providing a more robust estimation of the dif-
ferent components. Following a stability analysis, 13 ICs were identified and
considered for further analyses. The IC’'s participants scores relationship with
correct recognition memory performance and NTRK2 methylation were ex-
amined by means of linear models. Correction for multiple comparisons across
the 13 ICs and 2 independent variables was applied using the Bonferroni
procedure, with a corrected threshold of Pgons = 0.0019. Age, sex, and two
MR-related technical batches were included as covariates in all models. For
details, see S/ Appendix.

DNA Isolation from Human Samples. Saliva samples were collected using an
Oragene DNA Kit (DNA Genotek) and DNA was extracted using the pre-
cipitation protocol recommended by the manufacturer and then repurified.

Blood samples were collected using the 10.0-mL BD Vacutainer Plus plastic
whole-blood tube, BD Hemogard closure with spray-coated K2EDTA (Becton
Dickinson). DNA was isolated with QIAmp Blood Maxi Kit (Qiagen), using the
recommended spin protocol (S/ Appendix).

Infinium 450K and EPIC BeadChip Methylation Analyses. DNA isolated from
saliva (African samples) or peripheral blood (Swiss sample) was investigated
with the 450K (African sample 2, Swiss sample) or EPIC (African sample 1)
array (Illumina) (S/ Appendix).

For preprocessing, data were extracted and analyzed using the R package
RnBeads v0.99.9 (35). The background was subtracted using the “noob”
method in the methylumi package (36), and the signal was further nor-
malized using the SWAN algorithm (37). Postprocessing was further done for
each of the three samples separately, combining the B values of the pre-
processed data of all batches per sample (S/ Appendix).

Finally, we used the genome-wide regional segmentation analysis and
clustered the individual CpGs to regional elements, as previously described
(35, 38). In short, the genome (GRCh37/hg19) was segmented in 5-kb sliding-
window regional elements. Regional methylation was then calculated as
mean value of DNA-methylation for CpGs clustered to every element, across
all 12 genes represented in the RGRS (Gene ontology [GO]:2000322) (S/
Appendix). For the extensive list of the regional methylation elements
annotated to the RGRS pathway genes and examined in this study, please
refer to S/ Appendix, Table S1.

Statistical Analyses. The association of the epigenetic regulation of the RGRS
pathway with PTSD was assessed by first modeling PTSD lifetime risk against
every regional methylation element annotated to the RGRS gene set

Avoidance Intrusions Hyperarousal Sum PTSD, % Traumatic event types
African sample 1 (n = 463) 3.4 (0-7) 3.5 (0-5) 3.1 (0-5) 10 (0-17) 68.6 25.7 (3-59)
African sample 2 (n = 350) 4.4 (0-7) 4.2 (0-5) 3.5 (0-5) 11.7 (0-17) 78.8 11.9 (0-24)

A summary of PDS lifetime scores (mean, with range in the parentheses) and lifetime PTSD risk (percentage) according to DSM-IV criteria in survivors of the
rebel war in Northern Uganda (African sample 1) and survivors of the 1994 Rwandan genocide (African sample 2). Please note that the calculation of
traumatic event types was based on a checklist of 62 items in the African sample 1 and on a checklist of 36 items in the African sample 2.
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(SI Appendix, Table S1), by logistic regression. To account for trauma load as a
principal factor in the development of PTSD (31), sum of lifetime traumatic
event types was used as a covariate. The relationship of DNA methylation at
the NTRKZ2 regional element (chr9:87285001-87290000) with Posttraumatic
Diagnostic Scale (PDS) sum- and subscores was assessed with linear regression
using NTRK2 enhancer element methylation as a quantitative predictor and
sum of life traumatic event types as a covariate.

In the Swiss sample, recognition performance as dependent variable was
modeled against the DNA methylation of predefined NTRK2 regional ele-
ment (chr9:87285001-87290000). The interaction of NTRK2 DNA methyl-
ation with the valence of pictures used in the emotional picture-encoding
task was additionally tested in a linear mixed model.

Wherever appropriate, Bonferroni correction was implemented to account
for multiple testing procedures. The significance threshold was set to P =
0.05. Statistical analyses were done in R (R v3.6.0; R Development Core Team
2017), using the c¢pg.assoc (39) and n/me (40) R packages.

All laboratory procedures were conducted in a blind, randomized order.
For details, see SI Appendix.

Results

To investigate the epigenetic role of GR signaling in PTSD, we
first modeled PTSD lifetime risk against DNA methylation at
every regional element annotated to the predefined GO pathway
“regulation of glucocorticoid receptor signaling” (GO:2000322).
In the discovery cohort (African sample 1) results revealed that
regional element methylation was nominally associated with
PTSD risk at 4 of 12 genes within the RGRS pathway: NTRK2,
CLOCK, NR3C1, and NCOA2 (Ps < 0.05) (SI Appendix, Table
S1). After applying Bonferroni correction for all examined re-
gional methylation elements (for 175 regional methylation el-
ements annotated to the RGRS pathway) (SI Appendix, Table
S1), the gene encoding NTRK2 (NTRK2; formerly known as
TrkB-tyrosine receptor kinase B) remained significantly negatively
associated with PTSD risk (Pominar = 0.00019, Pgopferroni < 0.05)
(Table 2). The same epigenetic mark was also negatively asso-
ciated with lifetime PTSD risk in the African sample 2 (P,ominat =
0.0023) (Table 2). The specific regional methylation element is
located in the 5’ enhancer region of NTRK2 (SI Appendix,
Table S2).

The NTRK2 regional DNA methylation association with
PTSD risk remained significant also after correcting for comor-
bidity of depression, as assessed by the Hopkins Symptom Checklist
(HSCL-D) [z-value(459) = —3.09, P = 0.002 for African sample 1;
z-value(291) = -3.14, P = 0.001 for African sample 2]. Further-
more, the association of NTRK2 with PTSD risk remained signif-
icant upon correcting for chronic somatic comorbidities (e.g.,
cancer, inflammatory disorders, or chronic pain), which have been
assessed in the African sample 1 [z-value(458) = —3.95, P = 7.8e-05].
The data available in the current study, didn’t allow us to exclude

potential further confounders (e.g., somatic medication, environ-
mental hazards, or nutrition), which might have affected methylation
of genes of RGRS pathway.

We further focused on the NTRK?2 regional element and ex-
amined the associations between DNA methylation of this spe-
cific region and PDS sum and subscores. NTRK2 regional
element DNA methylation was significantly negatively associated
with PDS sum scores, and specifically with intrusion and avoid-
ance symptoms in both African samples (Table 2). Hyperarousal
was not significantly associated with NTRK2 methylation in ei-
ther sample (Table 2). NTKR2 regional methylation was not
related to the sum of traumatic life event types (African sample
1: P> 0.2, f = 0.06, 95% CI [0.00 to 0.15]; African sample 2: P >
0.5, = 0.01, 95% CI [0.00, 0.05]), suggesting that traumatic life
events did not induce methylation changes, but rather that the
methylation differences preceded the traumatic events.

Since NTRK?2 regional element DNA methylation differences
were predominantly associated with memory-related PTSD
symptoms (i.e., intrusions and avoidance), and the methylation
differences seem to precede traumatic events, we next investi-
gated the relationship between NTRK2 regional element meth-
ylation and memory in a sample of healthy, trauma-unexposed
Swiss population. The interaction with valence was not signifi-
cant (P > 0.05, mixed model), therefore we further examined the
effects of NTRK2 methylation on recognition in a simple linear
model. The analysis revealed a significant negative association of
the NTRK2 regional element methylation with correct recogni-
tion memory performance, #(530) = —2.04, P = 0.042. Thus, in-
dividuals with higher methylation levels had poorer recognition
memory performance. NTRK2 methylation was neither signifi-
cantly associated with valence or arousal ratings in the picture
task, nor with mood or trait anxiety (SI Appendix, Table S3).

As we found a significant association of NTRK2 methylation
with recognition memory performance, we next used functional
MRI to capture brain activation patterns related to this cognitive
task (41). ICA was applied to decompose brain activation into
coactivation networks across participants (S Appendix). Thirteen
components were identified (SI Appendix, Fig. S1). After cor-
rection for multiple comparisons, 4 of the 13 ICs were signifi-
cantly associated with memory performance (S Appendix, Table
S4). Correlation analyses revealed that one IC (IC13) was sig-
nificantly positively associated with NTRK2 regional element
methylation, #(492) = 3.91, P = 1.06e-04, (Fig. 1B). This com-
ponent was negatively associated with correct recognition per-
formance, #(492) = —9.58, P = 4.79¢-20 (Fig. 1C). The main voxel
loadings of this component included left frontal, left parietal, left
temporal, and right cerebellar regions (positive loadings), as well

Table 2. NTRK2 regional DNA methylation element (chr9:87285001-87290000) associations

with lifetime PTSD risk and symptoms

Sample Phenotype t-Statistic P value Effect size

African sample 1 (n = 463) PTSD risk -3.76 <0.001 0.17 (0.10, 0.25)

PDS Sum -3.48 <0.001 0.16 (0.08, 0.24)

Avoidance -3.50 < 0.001 0.17 (0.09, 0.24)

NTRK2 methylation (0.50 + 0.08)* Intrusions -3.28 <0.001 0.15 (0.07, 0.23)
Hyperarousal -1.45 n.s. —

African sample 2 (n = 350) PTSD risk -3.07 0.002 0.18 (0.08, 0.27)

PDS Sum -3.04 0.003 0.16 (0.07, 0.25)

Avoidance -3.38 <0.001 0.21 (0.11, 0.31)

NTRK2 methylation (0.50 + 0.11)* Intrusions -2.19 0.029 0.13 (0.03, 0.24)
Hyperarousal -1.80 n.s. —

Fixed-effects analysis t-statistics and nominal P values are shown. Sum of life traumatic event types was used
as a covariate in the multiple regression model. Effect sizes of NTRK2 regional DNA methylation are provided as

Cohen’s  (90% Cl). n.s., not significant.
*(Mean + SD).
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B 1(492)=3.91, p=1.06e*

1C13

NTRK2 methylation

C 1(492)=-9.58, p=4.79e*

recognition memory

1C13

Fig. 1. Brain activation, recognition performance, and NTRK2 methylation in healthy subjects. (A) IC13, voxel loadings. Voxels with positive loadings (colored
in red) corresponded to voxels that were more activated during correct recognition, whereas voxels with negative loadings (colored in blue) corresponded to
voxels that were less activated during correct recognition. (B) Association between NTRK2 enhancer element DNA methylation and 1C13 participants’ score.
(C) Association between correct recognition performance and IC13 participants’ score. The dots displayed in B and C represent individual participants.

as bilateral supramarginal, right frontal, right precuneus, and
insula (negative loadings) (Fig. 14 and SI Appendix, Table S5).

The amount of NTRK2 regional element methylation ranged
from 0.3 to 0.8, with an average of 0.5 (p-value). Importantly,
there were no significant differences in methylation distribution,
variance, or median between the African cohorts and the Swiss
sample used in this study (all P > 0.05).

Discussion

The present study investigated the methylation patterns of the
RGRS pathway in two independent African samples of conflict
survivors. Several members of this pathway were found to be
epigenetically associated with PTSD. Previously, we and others
reported that methylation of NR3C1I is linked to PTSD (29, 42,
43). The present study corroborates those findings by showing
that NR3C1 was one of differentially methylated RGRS pathway
member genes in an additional, independent cohort of severely
traumatized individuals from Uganda.

Within the RGRS pathway, NTRK2 was the gene with the
most significant association of methylation differences with PTSD
risk and symptoms. Specifically, NTRK2 methylation was nega-
tively associated with intrusions and avoidance symptoms and with
lifetime PTSD risk. Importantly, methylation of the NTRK2 re-
gional element was independent of the trauma load, suggesting
that methylation differences preexisted traumatic events. This idea
is further supported by the finding that NTRK2 regional DNA
methylation patterns in traumatized and healthy individuals were
comparable. Indeed, epigenetic modifications can be set during a
sensitive period around birth (44). In both rodents (45-47) and
humans (27, 29, 48, 49), NR3CI methylation is typically set
perinatally.

In the African samples, NTRK2 methylation was related to
traumatic memory-related symptoms (i.e., intrusions and avoid-
ance) but not to hyperarousal. This pattern suggests that meth-
ylation might be related to PTSD through a regulation of memory
processes. This idea is supported by the finding that NTRK2
methylation was associated with recognition memory performance
in the healthy, nontraumatized Swiss sample. Moreover, the fMRI
analysis in this sample revealed a relation of NTRK2 methylation
with activation in brain regions previously shown to be involved in
the regulation of recognition memory (50-52). Whereas gluco-
corticoid effects on memory consolidation processes have been
predominantly found for emotionally arousing information (8),
the methylation effects in the present study were independent of
picture valence. However, it is possible that in the present study
there was a heightened emotional arousal state even during the
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presentation of neutral pictures, as the memory task took place in
an MRI scanner, a procedure that might induce arousal.

Furthermore, with the recognition test that took place 60 to
80 min after encoding, we were only able to assess epigenetic
effects on molecular events during the early (but not late) phase
of memory consolidation. Nevertheless, some of these early
events, have been shown to be critical for the stabilization into
long-term memory (53) and some depend on protein synthesis
(54, 55). Furthermore, epigenetic changes may have affected
recognition performance indirectly via influencing the storage of
preexisting associative networks, given the known influence of
such networks on the encoding of new information (56-58).

The observed DNA methylation differences in this study were
associated with the 5’ enhancer region of the NTRK2 gene. A
previous study has identified a regulatory element within that
region that is required for cyclic AMP-responsive element binding
(CREB)-dependent control of NTRK?2 expression in neurons (59).
Importantly, a genome-wide study on CREB occupancy suggests
that CREB binding in the genome is restricted by means of
a DNA methylation-dependent mechanism (60), resulting in
dampened transcriptional activity from the affected locus. Indeed,
DNA methylation of the 5’ regulatory region seems to be strongly
negatively correlated with the expression of the NTRK2 gene
across The Cancer Genome Atlas datasets (TGCA) (SI Appendix,
Table S6) (61).

NTRK?2 encodes the transmembrane receptor tropomyosin-
related kinase B (TrkB) (62, 63). This receptor binds brain-
derived neurotrophic factor (BDNF) as well as other neuro-
trophic factors (64, 65). Among its involvements in promoting
neuronal survival and development, BDNF signaling has been
shown to play an important role in memory consolidation through
long-term potentiation induction (66—69). Importantly, BDNF-
TrkB signaling through Erk1/2MAPK phosphorylation mediates
the enhancement of fear memory induced by glucocorticoids (70).
Down-regulation of TrkB signaling has been reported in neuro-
degenerative diseases and psychiatric disorders (71-73). Human
genetics studies have also implicated NTRK2 with a variety of
psychiatric conditions, such as suicide attempts in depressed pa-
tients (74), obsessive—compulsive disorder (75), anxiety (76), and
mood disorder (77). However, to our knowledge there are no
studies on epigenetic modifications of NTRK2 with regard to
PTSD or learning and memory. In the present study we found that
increased methylation of NTRK2 was associated with reduced
memory in nontraumatized individuals. Thus, if a traumatic event
is experienced by an individual with a high level of NTRK2
methylation, it is possible they may form a less traumatic memory
and therefore have a reduced risk of developing PTSD.
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In the present study, DNA methylation was assessed periph-
erally in saliva from the two African cohorts and in blood from
the Swiss cohort. Several studies have demonstrated the use of
peripheral blood (43, 78-81) or saliva (29) as a source of DNA to
get insights to the phenotypes intrinsically linked to the CNS.
Additionally, studies that have addressed brain to periphery
variation of DNA methylation suggest that a part of the meth-
ylome signatures is significantly shared across the tissues (82, 83),
especially in the genomic regions that contain a high density of
cytosine guanine dinucleotides, as seen in the specific region of
NTRK2 (84-88).

The present study may also have clinical implications, as the
TrkB receptor is a druggable target. We found that DNA meth-
ylation at the NTRK2 regional element is negatively associated
with memory, and with risk and symptoms of PTSD. Therefore,
TrkB antagonists may be helpful in reducing initial consolidation
or reconsolidation of aversive memories. Interestingly, a potent
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