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Abstract
The risk of developing posttraumatic stress disorder (PTSD) increases with the num-
ber of traumatic event types experienced (trauma load) in interaction with other psy-
chobiological risk factors. The NOTCH (neurogenic locus notch homolog proteins) 
signaling pathway, consisting of four different trans‐membrane receptor proteins 
(NOTCH1–4), constitutes an evolutionarily well‐conserved intercellular communi-
cation pathway (involved, e.g., in cell–cell interaction, inflammatory signaling, and 
learning processes). Its association with fear memory consolidation makes it an in-
teresting candidate for PTSD research. We tested for significant associations of com-
mon genetic variants of NOTCH1–4 (investigated by microarray) and genomic 
methylation of saliva‐derived DNA with lifetime PTSD risk in independent cohorts 
from Northern Uganda (N1 = 924) and Rwanda (N2 = 371), and investigated whether 
NOTCH‐related gene sets were enriched for associations with lifetime PTSD risk. 
We found associations of lifetime PTSD risk with single nucleotide polymorphism 
(SNP) rs2074621 (NOTCH3) (puncorrected = 0.04) in both cohorts, and with methyla-
tion of CpG site cg17519949 (NOTCH3) (puncorrected = 0.05) in Rwandans. Yet, none 
of the (epi‐)genetic associations survived multiple testing correction. Gene set en-
richment analyses revealed enrichment for associations of two NOTCH pathways 
with lifetime PTSD risk in Ugandans: NOTCH binding (pcorrected = 0.003) and 
NOTCH receptor processing (pcorrected = 0.01). The environmental factor trauma load 
was significant in all analyses (all p < 0.001). Our integrated methodological ap-
proach suggests NOTCH as a possible mediator of PTSD risk after trauma. The re-
sults require replication, and the precise underlying pathophysiological mechanisms 
should be illuminated in future studies.
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1 |  INTRODUCTION

Threats to life and physical fitness, such as a serious accident, 
interpersonal violence, natural disaster, rape, or war (i.e., the 
experience of traumatic stressors), may result in mental suf-
fering, such as posttraumatic stress disorder (PTSD) and/
or depression. The stress not only affects the mind but also 
the body. For instance, PTSD is accompanied by an excess 
of inflammatory activation (for a review, see Gill, Saligan, 
Woods, & Page, 2009), leading to higher morbidity and 
mortality among individuals with PTSD and a generally 
lower quality of life (American Psychiatric Association, 
2013; Glaesmer, Brähler, Gündel, & Riedel‐Heller, 2011; 
Kubzansky et al., 2014). Multiple studies demonstrated that 
the risk of developing a PTSD increases with the number of 
different traumatic event types experienced (trauma load) 
(Mollica, McInnes, Poole, & Tor, 1998; Neugebauer et al., 
2009; Neuner et al., 2004), a concept termed building‐block 
effect (Schauer et al., 2003), and can reach up to 100% with 
extreme levels of trauma load (Kolassa et al., 2010). Different 
neurocognitive models on PTSD development agree on the 
pivotal role of a pathological trauma‐memory formation in 
the etiology of PTSD (Brewin, Dalgleish, & Joseph, 1996; 
Brewin, Gregory, Lipton, & Burgess, 2010; Ehlers & Clark, 
2000; Elbert & Schauer, 2002; Foa & Kozak, 1986; Kolassa 
& Elbert, 2007; Rockstroh & Elbert, 2010).

Based on twin and family studies, heritability estimates 
for PTSD range between 30%–50% (Sartor et al., 2012; Stein, 
Jang, Taylor, Vernon, & Livesley, 2002; True et al., 1993). 
While candidate gene and genome‐wide association stud-
ies (GWAS) identified several genetic variants associated 
with PTSD development (for reviews, see Sheerin, Lind, 
Bountress, Nugent, & Amstadter, 2017; Voisey, Young, 
Lawford, & Morris, 2014), our understanding of the biologi-
cal underpinnings of PTSD remains limited. GWAS represent 
an untargeted approach that tests for associations of not only 
one single nucleotide polymorphism (SNP) but millions of 
different SNPs within the genome simultaneously. However, 
this requires thousands to tens of thousands of individuals 
to provide adequate statistical power (Voisey et al., 2014). 
In the largest GWAS on PTSD published to date, including 
more than 20,000 individuals, the Psychiatric Genomics 
Consortium for PTSD identified shared genetic risk factors 
for PTSD and schizophrenia. However, none of the included 
gene variants reached genome‐wide significance (Duncan et 
al., 2018). A major shortcoming of the large‐scale meta‐anal-
yses so far lies in the inconsistent assessment and statistical 
consideration of trauma load as an important environmental 
factor and its potential interaction with the genetic markers 
under investigation. In contrast to GWAS, candidate gene 
studies are driven by a priori hypotheses on the biological 
function of target genes. Testing only a limited number of 
markers within certain preselected genes, candidate gene 

studies can provide stronger statistical power than GWAS, 
even in smaller study populations. Accumulating evidence 
from these studies suggests that genetic markers that influ-
ence memory processes such as fear conditioning or epi-
sodic memory are also associated with the development of 
fear memories in PTSD (for a review, see Wilker, Elbert, & 
Kolassa, 2014).

Due to its involvement in neuropsychiatric diseases, in-
flammation, and memory, the gene family of neurogenic 
locus notch homolog proteins (NOTCH), which includes 
four different highly conserved receptor genes (NOTCH1–4), 
represents an interesting target for PTSD research. Besides 
its regulatory function of cell fate during development and 
adult tissue homeostasis, previous research associated the 
NOTCH signaling pathway with various physical (Hubmann 
et al., 2013; Min et al., 2014; Sibbe et al., 2012; Wieland et 
al., 2017) and neuropsychiatric diseases (Kong et al., 2012), 
possibly by regulating inflammatory processes (Quillard & 
Charreau, 2013; Xu et al., 2015). A growing body of research 
furthermore demonstrates the importance of NOTCH genes 
and pathways for mental diseases, for example, schizophrenia 
(International Schizophrenia Consortium et al., 2009), major 
depressive disorder, and bipolar affective disorder (Ma et al., 
2015). Steine et al. (2016) recently found an association be-
tween two NOTCH1 SNPs and the susceptibility for anxiety 
and depression in victims of sexual abuse. Their findings cor-
respond well with results from in vivo and in vitro research 
pointing toward an impairment of fear memory consolida-
tion by NOTCH signaling. Even though the exact mecha-
nisms remain to be illuminated, previous findings suggest a 
repression of other learning‐ and memory‐regulating genes 
(Hallaq et al., 2015; Zhang, Yin, & Wesley, 2015) and a mod-
ulation of the effects of stress on synaptic plasticity through 
NOTCH (Alberi et al., 2011; Wu & Raizen, 2011). Given 
the involvement of NOTCH signaling in learning and mem-
ory and its association with fear reactions, it can be expected 
that NOTCH genes also play a role in the development of 
PTSD—a question that has not yet been addressed.

However, a mere candidate gene association study on 
NOTCH would not provide a comprehensive understanding 
of its role in the etiology of PTSD, since single genetic loci 
can only explain a small portion of the variance of disease 
risk (Civelek & Lusis, 2014). A pivotal reason for the small 
effect sizes of single genes lies in the long and complex 
pathway between genetic risk factors and the development 
of a mental disorder, which includes several intermediate 
biological levels. For example, epigenetic modifications, 
which can influence the transcriptional accessibility of the 
DNA without affecting the nucleotide sequence, represent 
an important mechanism that can alter gene expression. The 
most popular epigenetic pattern studied in its relation to 
PTSD is DNA methylation. It is by now widely accepted that 
epigenetic modifications represent an individual adaptation 
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mechanism to one’s environment. These changes can occur 
during the entire lifespan and represent a driving factor of 
natural aging (for a review, see Pal & Tyler, 2016). However, 
epigenetic modifications can also be triggered by stress, in 
particular following the experience of childhood maltreat-
ment and, to a smaller extent, through traumatic experiences 
during adulthood (Klengel, Pape, Binder, & Mehta, 2014). 
Consequently, the epigenome represents an attractive target 
for psychophysiological investigations on NOTCH as a po-
tential PTSD risk gene. However, as it can be assumed that, 
similarly to genetics, epigenetics plays only a minor role for 
PTSD development at extreme levels of trauma exposure, 
trauma load has to be considered as a covariate in epigenetic 
analyses.

It is also well known that polygenic diseases, such as 
PTSD, are caused by a complex interplay of hundreds of 
genes (Schadt, 2009). For a comprehensive understanding 
how a gene candidate mediates disease risk, it is therefore 
necessary to unravel the biological context in which the 
gene operates (Papassotiropoulos & de Quervain, 2015; 
Papassotiropoulos et al., 2013). Multilocus approaches, often 
known as pathway or gene set enrichment analyses (GSEA), 
could therefore be a valuable addition to candidate gene and 
epigenetic analyses. GSEA tests for associations of function-
ally related gene sets with a phenotype of interest. Therefore, 
genes are clustered together based on prior biological knowl-
edge and tested against randomly drawn gene sets of the same 
size (Segrè, Groop, Mootha, Daly, & Altshuler, 2010; Wang, 
Li, & Hakonarson, 2010). Yet to the best of our knowledge, 
only four studies investigated the biological underpinnings of 
PTSD risk using pathway analytical tools. Their results point 
toward the involvement of genes regulating synaptic plasticity 
(Duncan et al., 2018), the immune system (Ashley‐Koch et 
al., 2015; Wingo et al., 2015), and the glucocorticoid signal-
ing pathway (Logue et al., 2015) in PTSD development.

Using an integrated approach, the present study aimed 
at providing insight into whether NOTCH genes, epigenetic 
modifications, or associated pathways are related to an in-
creased risk for lifetime PTSD in two independent trauma‐ex-
posed study cohorts from East Africa.

2 |  METHOD

2.1 | Study cohorts
This study included two independent study cohorts, 
namely, survivors of the war between the rebel group 
Lord’s Resistance Army (LRA) and Ugandan governmental 
troops, and survivors of the Rwandan genocide in 1994. All 
subjects included in this study presented with nonmissing 
phenotypic data regarding PTSD status and trauma load, 
were free of signs of current alcohol or substance abuse as 
well as acute severe psychotic symptoms, and did not take 

any psychotropic medication at the time of the assessment. 
Furthermore, we applied stringent quality criteria for DNA 
extraction procedures and genetic comparability. Exclusion 
criteria were (a) inconsistencies between reported sex and 
sex inferred from genotypic data; (b) genome‐wide miss-
ing rates > 5%; (c) deviations in heterozygosity and miss-
ing rates, identified using Bayesian clustering (Bellenguez, 
Strange, Freeman, Donnelly, & Spencer, 2012); (d) an 
unusual ancestry genetic background of subjects accord-
ing to the majority of the cohort, identified using Bayesian 
clustering (Bellenguez et al., 2012) applied on the two first 
principal components inferred from HapMap CEU, YRI, 
CHB‐JPT populations; and (e) indices for a close relation-
ship with other individuals in the sample, as similarly de-
scribed in Wilker et al. (2018). As the Ugandan sample 
included a large proportion of relatives, which may in-
flate genetic associations, we applied two different iden-
tity‐by‐descent (IBD) thresholds (�̂  > 0.2, excluding one 
individual of each pair indicating first‐ or second‐degree 
relationship and �̂  > 0.1, excluding one individual of up to 
third‐degree relatives’ pairings). Therefore, statistical anal-
yses in the Ugandan cohort were performed on N = 924 
(501 women, Mage = 31.26, SDage = 10.74), and on N = 799 
(439 women, Mage = 31.29, SDage = 10.92) individuals, ap-
plying the more stringent IBD threshold. For the Rwandan 
cohort, we applied only an IBD threshold of �̂  > 0.2 as the 
proportion of relatives was low, resulting in N = 371 indi-
viduals available for statistical analyses (179 women, Mage 
= 34.65, SDage = 5.88). In addition, we excluded SNPs in-
dicating a minor allele frequency (MAF) < 0.05, SNP call 
rate < 0.95 and deviance from Hardy‐Weinberg equilibrium 
(HWE) < 0.05 from the analyses. In the Ugandan cohort, 
N = 644 (69.70%) of all participants fulfilled the criteria 
for a lifetime diagnosis of PTSD according to DSM‐IV‐
TR (American Psychiatric Association, 2000) at the time 
of assessment, while N = 263 (70.89%) individuals in the 
Rwandan cohort met the diagnostic criteria. Furthermore, 
complete epigenetic and phenotypic data were available for 
N = 331 of the Rwandan individuals.

2.2 | Materials and study procedure
The study protocols for the Ugandan cohort were ap-
proved by the Institutional Review Board of Gulu 
University, the Lacor Hospital Institutional Research 
Committee, the Ugandan National Council for Science 
and Technology, Uganda, and the ethics committee of the 
German Psychological Society (Deutsche Gesellschaft 
für Psychologie), while for the Rwandan cohort the 
University of Konstanz, Germany, and the University of 
Mbarara, Uganda, approved the study protocol. All par-
ticipants provided written informed consent prior to study 
participation.
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2.2.1 | Diagnostic interview
Demographic and clinical data were assessed during a di-
agnostic interview conducted by intensively trained local 
lay counselors (Uganda) or by lay counselors as well as 
international expert psychologists with the help of local 
interpreters (Rwanda). For the diagnosis of lifetime 
PTSD according to DSM‐IV‐TR (American Psychiatric 
Association, 2000), the Posttraumatic Stress Diagnostic 
Scale (PDS; Foa, Cashman, Jaycox, & Perry, 1997) was 
applied as an interview. The instrument was therefore 
translated into Luo (Northern Uganda) and Kinyarwanda 
(Rwanda), then back‐translated and reviewed by trained 
and independent interpreters to avoid any misinterpreta-
tion. Previous studies with Ugandan (Ertl et al., 2010) and 
Rwandan trauma survivors (Neuner et al., 2008) indicated 
satisfactory psychometric properties of the translated PDS 
versions.

The event list used for the Rwandan cohort included 36 
items that covered general traumatic events and events re-
lated to armed conflicts. The event list used for the Ugandan 
cohort additionally included events specific to the LRA war 
and comprised 62 items. Both event lists were used in previ-
ous studies (e.g., Wilker, Pfeiffer, et al., 2014; Wilker et al., 
2013). Participants were asked to indicate whether they were 
exposed to an event in the past (yes or no). The sum score 
of different traumatic event types experienced was calcu-
lated for each participant, as it provides a valid, reliable, and 
economic assessment for trauma load (Conrad et al., 2017; 
Wilker et al., 2015).

2.2.2 | Genotyping procedure
The collection of saliva samples was part of the diagnostic 
interview. Participants washed out their mouth with drink-
ing water before saliva was collected using Oragene DNA 
self‐collection kits following the manufacturer’s protocol 
(DNA Genotek Inc., Ottawa, ON, Canada). Samples were 
biologically inactivated by adding a mixture of ethyl alco-
hol and trometamol (DNA Genotek Inc.) and shipped to the 
Transfaculty Research Platform Molecular and Cognitive 
Neuroscience (Basel, Switzerland) under room temperature 
conditions. DNA extraction and individual genotyping fol-
lowed standard procedures as described in the Genome‐Wide 
Human SNP Nsp/Sty 6.0 User Guide (Affymetrix, Santa 
Clara, CA). For more details on the genotyping procedure, 
the reader is referred to de Quervain et al. (2012).

2.2.3 | Epigenetic data processing
To determine methylation status in saliva‐derived buc-
cal cells, first, DNA was extracted as described above. 
For a comprehensive description of the DNA preparation 

procedure, see Vukojevic et al. (2014). Next, DNA was 
treated with bisulfite using an EZ DNA Methylation‐Gold 
Kit (Zymo Research, Irvine, CA). The bisulfite‐converted 
DNA was amplified using polymerase chain reactions and 
hybridized to the 450 K DNA methylation array (Illumina, 
San Diego, CA). To quantify methylation levels, the M‐value 
method was applied, providing more valid results consid-
ering detection rate and true positive rate compared to the 
beta‐value method (Du et al., 2010). For more details on 
the 450 K DNA methylation array and data processing, see 
Milnik et al. (2016).

2.3 | Statistical procedures

2.3.1 | Candidate gene analyses
We planned to perform a candidate gene analyses on 
NOTCH1, NOTCH2, NOTCH3, and NOTCH4, spanning a 
total of 53 SNPs detectable by the Affymetrix Human SNP‐
array 6.0 according to the UCSC Human Genome Browser 
(Human GRCh37/hg19; Kent, Sugnet, Furey, & Roskin, 
2002). However, only 26 SNPs within NOTCH1, NOTCH2, 
and NOTCH3 passed the SNP quality criteria applied to the 
Ugandan cohort (i.e., MAF > 0.05, SNP call rate > 0.95, non-
deviance from HWE > 0.05). None of the SNPs located on 
NOTCH4 passed these quality controls. Multiple logistic re-
gressions were conducted and tested for main effects of SNP 
as predictor variable and trauma load as a covariate, as well as 
for a SNP × trauma load  interaction effect on lifetime PTSD 
risk. In line with our epigenetic analyses, we considered geno-
typing batch as a covariate, whereby biological samples were 
processed at three different assessment periods (genotyping 
batch) in the Ugandan cohort. Statistical significance was de-
termined by calculating likelihood ratio (LR) tests of nested 
models (Harrell, 2001). Given the lack of prior biological 
knowledge on associations between NOTCH markers and 
PTSD risk, we assumed a genotypic effect for each SNP, pos-
tulating general differences between genotype groups without 
determination of direction. False discovery rate (FDR) was 
used to correct for multiple comparisons, yet for replication 
analyses in the Rwandan cohort, uncorrected significant re-
sults were also taken into account. We fitted the same logistic 
regression model as in the Ugandan cohort with the exception 
that genotyping batch was not included as a covariate, because 
the biological samples of the Rwandan cohort resulted from 
one single assessment period. Analyses were performed in the 
statistical software R version 3.4.2 (R Core Team, 2017) using 
the R package GenABEL version 1.8.0 (GenABEL Project 
Developers, 2013). For FDR correction, the R‐implemented 
function p.adjust() was used (R Core Team, 2017). To com-
pare genotype groups with regard to demographic data, we 
performed Fisher’s exact test for count data and a one‐way 
analysis of variance (ANOVA) for continuous data. In case of 
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non‐normally distributed model residuals, the Kruskal‐Wallis 
H test was applied.

2.3.2 | Epigenetic analyses
Epigenetic analyses were conducted in the statistical envi-
ronment R version 3.4.2 (R Core Team, 2017). Epigenetic 
data were available for the Rwandan cohort, comprising 
N = 331 individuals with complete epigenetic and phe-
notypic data. Based on the results of our genetic analy-
ses (see Results section Analyses of NOTCH genes in the 
Ugandan cohort and replication in the Rwandan cohort) 
and in order to provide sufficient statistical power given 
the even smaller cohort size available for epigenetic analy-
ses compared to genetic analyses, we restricted our epi-
genetic analyses to NOTCH3 CpG sites. Furthermore, we 
included only CpG sites that indicated medium to large 
epigenetic variability in recent reliability analyses con-
ducted by Milnik et al. (2016). Based on methylation data 
from Caucasians extracted from blood, the authors found 
enrichment of methylation quantitative trait loci (meQTLs) 
in CpGs with higher variation and indicated (at least in 
part) a genetically driven methylation at those sites. Thus, 
our epigenetic analyses tested for associations of lifetime 
PTSD risk with the methylation level of six CpG sites 
within NOTCH3 (cg16902973, cg21514227, cg09265397, 
cg17519949, cg08529654, cg27320207). In line with 
our genetic analyses, logistic regression models included 
trauma load as a covariate and were furthermore adjusted 
for age, sex, and the main sources of variation identified 
by principal component analysis, including batch effects. 
Statistical significance was determined by calculating 
LR tests of nested models (Harrell, 2001). In addition to 
uncorrected significance values, we also report FDR cor-
rected results (R function p.adjust(); R Core Team, 2017). 
Further, we performed linear regression analyses to test 
whether the methylation of identified CpG sites may de-
pend on genetic variants (meQTLs), while accounting for 
trauma load as a covariate.

2.3.3 | Genetic pathways analyses
NOTCH‐related gene sets were extracted from different on-
line databases (Kyoto Encyclopedia of Genes and Genomes 
(KEGG), https://www.genome.jp/kegg/; GeneOntology 
(GO), https://geneontology.org/; and Reactome, https://
www.reactome.org/), which were downloaded from the 
MSigDB (version 6.1) database (Broad Institute, https://
www.broadinstitute.org/gsea/msigdb) in November 2017. 
Genetic pathway analyses included 19 NOTCH‐associated 
gene sets, of which six were obtained from the GO database, 
one from KEGG, and 12 from Reactome. The computations 
were conducted with MAGMA on raw genotype data rather 

than summary statistics from previously calculated GWAS, 
thus providing higher statistical power (de Leeuw, Mooij, 
Heskes, & Posthuma, 2015). Compared to other frequently 
used pathway software (e.g., INRICH, Lee, O’Dushlaine, 
Thomas, & Purcell, 2012; or MAGENTA, Segrè et al., 
2010), MAGMA shows highest power at a significantly re-
duced calculation time. Furthermore, the overestimation of 
gene sets containing a large number of genes is reduced in 
MAGMA compared to other approaches and linkage dise-
quilibrium structures are directly included into analyses as 
principal components, successfully preventing inflation of 
Type I error rates (de Leeuw, Neale, Heskes, & Posthuma, 
2016). To calculate gene set enrichment analyses with 
MAGMA, we first annotated SNPs to genes, applying the 
same human genome build as for previous candidate gene 
analyses (Human GRCh37/hg19; Kent et al., 2002). Next, 
gene analyses were performed, using raw genotype data from 
the Ugandan cohort and the SNP annotation file generated 
beforehand. Furthermore, trauma load and dummy‐coded 
genotyping batch were included as covariates. MAGMA 
offers different baseline gene analysis models, which are 
sensitive to different genetic architectures, varying by gene. 
As the prior knowledge about distribution of association sig-
nals across NOTCH genes was limited, we decided to use 
the multimodel option. Thus, all three models implemented 
in MAGMA (principal components regression, SNP‐wise 
MEAN, and SNP‐wise Top 1) were computed and resulted 
in an aggregated p value, which was used for subsequent 
gene‐level analyses in the Ugandan cohort. The empirical 
multiple testing correction that is implemented in MAGMA 
and based on a permutation procedure was applied (10,000 
permutations). Only significantly associated pathways were 
considered for replication analyses in the Rwandan cohort, 
following the same steps as described for the Ugandan co-
hort. The statistical significance threshold set for all analyses 
was p < 0.05.

3 |  RESULTS

All regression models testing for associations of genetic vari-
ants and CpG sites with lifetime PTSD included trauma load 
and, for genetic analyses, also genotyping batch as covari-
ates. Both trauma load and genotyping batch were significant 
in all analyses (all p < 0.001).

3.1 | Analyses of NOTCH genes 
in the Ugandan cohort and replication in the 
Rwandan cohort
As displayed in Table 1, 26 SNPs spanned by genes 
NOTCH1–3 were tested for associations with lifetime PTSD 

https://www.genome.jp/kegg/
https://geneontology.org/
https://www.reactome.org/
https://www.reactome.org/
https://www.broadinstitute.org/gsea/msigdb
https://www.broadinstitute.org/gsea/msigdb
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diagnosis, including trauma load as a covariate. Three 
SNPs surpassed the uncorrected significance threshold (all  
puncorrected < 0.05). Of those, two SNPs were located within 
NOTCH2 (rs17024559, rs17024564) and one SNP was lo-
cated in NOTCH3 (rs2074621). All SNPs were in HWE (all 
p > 0.05; see online supporting information Table S1 for 
more detailed SNP information). No significant interaction 
SNP × trauma load was observed (all p > 0.10). None of the 
three SNPs remained significant after FDR correction for 
multiple comparisons (all p > 0.05).

For replication analyses, all uncorrected significant SNPs 
were considered. Due to the unbalanced genotype distribution 
of the two SNPs located in NOTCH2 (see Table 1), only SNP 
rs2074621 (N = 922 with complete genetic data) in NOTCH3 
was further investigated. In the Ugandan cohort, the follow-
ing genotype distribution was observed: N = 98 homozy-
gote carriers of the minor A allele, N = 404 individuals with 
G/A genotype, and N = 420 individuals with G/G genotype. 
Descriptively, homozygous carriers of the minor allele (A/A) 
presented with higher PTSD risk at lower trauma load than 
heterozygotes and noncarriers, who showed a similar dimin-
ished lifetime PTSD risk in the Ugandan cohort (see Figure 
1). No significant differences in demographic data existed be-
tween rs2074621 genotype groups (see supporting informa-
tion Table S2). To account for the relatively large proportion 
of relatives in the Ugandan cohort, which may have inflated 
the genetic analyses results, we repeated our calculations ap-
plying a more stringent IBD threshold (�̂> 0.1). Excluding 
one individual of each pair indicating up to third‐degree re-
lationship, the sample comprised N = 797 individuals with 
complete genetic data for SNP rs2074621 within NOTCH3, 
which also reached uncorrected significance in this smaller 
cohort (�̂  > 0.1: puncorrected = 0.03; for comparison �𝜋 > 0.2: 
puncorrected = 0.04).

We replicated the nominal significant association of SNP 
rs2074621 with lifetime PTSD risk in the Rwandan cohort 
(p = 0.02; N = 369 individuals with nonmissing genetic data 
for SNP rs2074621), where homozygous carriers of the A 
allele similarly displayed highest PTSD risk (Figure 2). Yet, 
unlike the Ugandan cohort for whom the A allele was the 
minor allele, the Rwandan cohort indicated the G allele as the 
minor allele. No differences in demographic data between the 
three genotype groups existed in the Rwandan cohort (Table 
S3).

3.2 | Epigenetic modification of NOTCH3 
CpG sites in the Rwandan cohort
Epigenetic analyses were based on N = 331 individuals 
with complete epigenetic data and nonmissing information 
on PTSD lifetime diagnosis as outcome variable. Logistic 
regressions were calculated for six CpG sites spanned by 
NOTCH3, previously indicated as reliably measurable 

(Milnik et al., 2016) and included trauma load as a covari-
ate. Results showed a nominal significant association of 
methylation at CpG site cg17519949 with lifetime PTSD 
risk, LR(1) = 3.90, puncorrected = 0.05, pFDR corrected = 0.29, 
yet no significant results were observed after FDR correc-
tion for multiple testing (see also Table 2). Accounting for 
trauma load as a covariate, we tested for SNP rs2074621 
being a meQTL that potentially affects the methylation 
of the investigated NOTCH3 CpG sites. We found a sig-
nificant association between the methylation level at 
CpG site cg17519949 and the previously identified SNP 
rs2074621 within NOTCH3 (SNP: b = −0.49; F(1, 369) = 
49.66, p < 0.001; trauma load: F(1, 369) = 0.28, p = 0.59), 
whereby the level of methylation decreased with an in-
creasing number of minor A alleles.

3.3 | Genetic analyses of NOTCH‐
related pathways
Genetic pathway analyses in the Ugandan cohort were con-
ducted with MAGMA and tested for enriched associations 
of 19 predefined NOTCH‐related gene sets with lifetime 
PTSD risk. Results indicated significant enrichment for 
two pathways retrieved from the GO database after correc-
tion for multiple testing (NOTCH binding, GO:0005112, 
p = 0.003; NOTCH receptor processing; GO:0007220, 
p = 0.011). Furthermore, one pathway obtained from the 
Reactome database showed enrichment on a trend level 
(Receptor ligand binding initiates the second proteolytic 
cleavage of NOTCH receptor; R‐HAS‐156988, p = 0.067; 
Table 3).

Even though none of the above‐mentioned pathways 
could be replicated in the independent cohort of Rwandan 
genocide survivors, a positive beta for the GO pathway 
NOTCH receptor processing (GO:0007220; b = 0.22,  
puncorrected = 0.20, pcorrected = 0.31) was observed (Table 
S4). Figure 3 provides a graphic summary of the results of 
all analyses.

4 |  DISCUSSION

In line with previous studies (e.g., Kolassa et al., 2010; 
Mollica et al., 1998; Neugebauer et al., 2009; Neuner et 
al., 2004), we found a significant dose‐dependent effect of 
trauma load, which was included as a covariate in all analy-
ses on PTSD risk. Moreover, this study revealed first evi-
dence of a potential involvement of NOTCH signaling in 
PTSD development.

Our candidate gene analyses indicated a nominally 
significant association of lifetime PTSD risk with SNP 
rs2074621 (N = 922 rebel war survivors from Northern 
Uganda), located in an intronic region within NOTCH3 on 
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chromosome 19 (Human GRCh37/hg19; Kent et al., 2002). 
This association remained stable even after a more strin-
gent control for the high proportion of third‐degree relatives 
in the cohort was applied. Furthermore, we replicated our 

finding in an independent cohort of N = 369 survivors of 
the Rwandan genocide. In both cohorts, homozygous car-
riers of the A allele descriptively presented with higher 
PTSD risk than G/A and G/G carriers at lower trauma load. 
However, differences in the minor allele (Ugandan cohort: 
minor A allele; Rwandan cohort: minor G allele) and un-
equal genotype distributions in the two cohorts led to incon-
sistent results for the latter two genotype groups, leaving it 
unclear whether the risk to develop PTSD is generally lower 
in G‐allele carriers or decreases with increasing numbers of 
“protective” G alleles. Given the involvement of NOTCH 
in fear memory consolidation (Dias et al., 2014), one may 
hypothesize that SNP rs2074621 could possibly affect the 
ability to store emotionally arousing memory depending on 
genotype, which may render homozygous A‐allele carriers 
more vulnerable to develop PTSD. Yet, it needs to be deter-
mined how this intronic SNP may influence memory pro-
cesses and consequently PTSD risk on a biological level in 
detail, for example, by affecting the transcription and trans-
lation rate of downstream‐located protein coding sequences.

Corresponding to the results of the candidate gene as-
sociation analyses, we identified methylation at CpG site 
cg17519949 (located on chr19: 15292440) within NOTCH3 
to be associated with lifetime PTSD risk on a nominal 
level in N = 331 survivors of the Rwandan genocide, con-
trolling for the influence of trauma load. Further, we found 
a significant association of CpG site cg17519949 with SNP 
rs2074621, indicating SNP rs2074621 as a meQTL, likely 
to affect the methylation level of this CpG site. This as-
sumption is further supported by the results of Milnik et 
al. (2016), who found enrichment of meQTLs among CpGs 
with medium to large epigenetic variability, as was the case 
with cg17519949 that is located within an exon (Human 
GRCh37/hg19; Kent et al., 2002) and thus could be involved 
in the regulation of gene expression. It is now widely ac-
cepted that NOTCH transcription and translation is nega-
tively regulated by microRNAs, which consequently affects 
the intensity of NOTCH signaling (Dias et al., 2014). This is 
in line with Murphy et al. (2017) who showed that impaired 
fear extinction, as frequently observed in PTSD patients, 
could be rescued by targeting genes in plasticity‐associated 
signaling cascades (i.e., NOTCH) to increase microRNA‐
controlled gene expression in the amygdala. However, their 
findings are based on brain tissue, and future research is 
needed to determine whether similar effects can be found in 
humans and in peripheral tissues (e.g., blood).

The results of our pathway analyses furthermore strength-
ened the presumed role of NOTCH in PTSD susceptibility. 
The significantly enriched NOTCH receptor processing 
pathway (GO:0007220) describes the series of successive 
proteolytic cleavage events following ligand binding to a 
NOTCH receptor, the first significantly enriched pathway 
(GO:0005112), at the end of which stands the expression of 

F I G U R E  2  Rwandan cohort. Fitted probability values for 
lifetime posttraumatic stress disorder (PTSD) as a function of trauma 
load are plotted separately for the genotype groups of SNP rs2074621 
within NOTCH3. As in the Ugandan cohort, homozygous minor A 
allele carriers displayed the highest risk for the development of PTSD 
after traumatic experiences. Risk was decreased in the G/A and lowest 
in G/G genotype group
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downstream target genes, including the hairy and enhancer 
of split family and related proteins. Both belong to the fam-
ily of transcription repressors and thus indirectly regulate the 
expression of numerous NOTCH target genes. As previous 
research suggested that the impairment of fear memory con-
solidation may be driven by the repression of other learn-
ing‐ and memory‐regulating genes through NOTCH (Hallaq 
et al., 2015; Zhang et al., 2015), this pathway might be in-
volved in the pathological fear memory formation in PTSD. 
Taken together, our GSEA suggest a potential involvement 
of NOTCH‐associated pathways in PTSD development and 
underpin the potential of pathway analytic tools for future 
studies on mental health conditions including PTSD, even 
though a high number of participants is still required to pro-
vide adequate statistical power to identify and replicate risk‐
associated gene sets.

It has already been demonstrated that NOTCH is relevant 
in a large number of biological regulatory functions, includ-
ing the immune system and the (stress‐sensitive) hematopoi-
etic system (Oh et al., 2013). Together with its regulatory 
impact on fear memory consolidation (Dias et al., 2014) and 
long‐term memory formation (Hallaq et al., 2015; Zhang et 
al., 2015), mechanisms that were previously described to be 
altered in patients with PTSD (for reviews, see Gill et al., 
2009; Wilker, Elbert, et al., 2014), one may hypothesize 
that NOTCH might play a role in a potential link between 
inflammation, pathological memory formation, and disease 
risk. However, the lack of previous research on NOTCH and 
PTSD risk in humans prevents drawing any final conclusions.

4.1 | Strengths and limitations
This was the first study of its kind to integrate three differ-
ent methodological approaches to investigate NOTCH as a 
potential novel mediator for PTSD risk. Yet, the exact bio-
logical mechanisms of the identified associations of NOTCH 
genes, epigenetic modifications, and pathways with PTSD 
risk remain to be illuminated by future research. Further, the 
generalizability of our findings and their transferability to a 
systematic level using different tissues (e.g., cells of the in-
nate and adaptive immune system, neurons, and glia cells) 
need to be investigated.

A major limitation of this study is that not all of the pre-
sented results survived correction for multiple testing and 
were partially nonreplicable in an independent, smaller study 
cohort. Our results once more demonstrate the difficulties to 
detect small genetic and epigenetic effects underlying poly-
genic diseases like PTSD, even with targeted approaches and 
in cohorts with standardized assessment of traumatization 
and PTSD symptoms. The correction for multiple compari-
sons represents a justified request in genetic and epigenetic 
association studies to prevent Type I errors, but precludes 
significance of true positives on the other hand. The aim to T
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discover minor genetic effects through exploratory testing 
of novel gene candidates spanning several variants leads to 
a dilemma between the endeavor to account for the genetic 
complexity of the disease and a too‐conservative control for 
markers to survive corrections for multiple comparisons. 
Even if the effect size of a risk marker is too small to reach 
statistical significance, it may be no less important for dis-
ease development. However, studies reporting nominally 
significant findings are scarce, even though some of them in-
dicate promising associations of PTSD with neurotransmitter 
and neuropeptide‐related genes, among them the frequently 
replicated gene SLC6A3, which encodes the dopamine trans-
porter (for a review, see Smoller, 2016). It therefore needs to 
be discussed how strict the control for multiple tests should 
be if the aim of the study is to identify novel PTSD risk vari-
ants that will be followed up in future studies (cf. Roback & 
Askins, 2005; Rothman, 1990). Instead of restricting replica-
tion to markers that pass conservative corrections for multi-
ple testing, one might—in this case—consider the replication 
of nominal significant results in independent study cohorts 

and with multiple methodological approaches as presented 
in this study.

4.2 | Conclusions and future directions
Our findings suggest an influence of NOTCH on PTSD risk 
in humans and strengthen the presumed role of memory‐ 
and inflammation‐associated genes in PTSD development. 
Furthermore, our study once again highlighted the impor-
tance of the environmental factor trauma load in PTSD eti-
ology and the necessity of its consideration in genetic and 
epigenetic research on PTSD risk. Furthermore, we dem-
onstrated the value of integrated genetic, epigenetic, and 
gene set enrichment analyses when investigating the psy-
chophysiology of mental diseases. NOTCH has been iden-
tified to be a promising candidate to follow up in future 
studies on PTSD risk and treatment. For example, changes 
in methylation should be investigated with respect to their 
relevance for gene expression and protein density in the 
cell membrane.

F I G U R E  3  Graphic summary of the results of the integrated candidate gene association analyses, epigenetic analyses, and pathway analyses 
of the neurogenic locus notch homolog protein (NOTCH) family 
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