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Objective: Post-traumatic stress disorder (PTSD) is a trauma- and stress-related
psychiatric syndrome that occurs after exposure to extraordinary stressors. The
neurotransmitter dopamine (DA) plays important roles in neurobiological processes like
reward and stress, and a link between PTSD and the dopaminergic system has been
reported. Thus, the investigation of an association between PTSD and gene-gene
interaction (epistasis) within dopaminergic genes could uncover the genetic basis of
dopamine-related PTSD symptomatology and contribute to precision medicine.

Methods: We genotyped seven single nucleotide polymorphisms (SNPs) of three
dopaminergic genes DRD2/ANNKT1 (rs1800497 and rs1801028), COMT (rs6269,
rs4633, rs4818 and rs4680) and DBH (rs1611115), in a Chinese predominantly adult
cohort that had been exposed to an earthquake (156 PTSD cases and 978 controls).

Results: Statistical genetics analysis identified a DRD2/ANNK1-COMT interaction
(rs1800497 x rs6269), which is associated with PTSD diagnosis (Pinteraction = 0-0008055
and Peorrected = 0.0169155). Single-variant and haplotype-based subset analyses
showed that rs1800497 modulates the association directions of both the rs6269 G allele
and the rs6269-rs4633-rs4818-rs4680 haplotype G-C-G-G. The interaction (rs1800497
x rs6269) was replicated in a Chinese young female cohort (32 cases and 581 controls,
Pinteraction = 0.01 329)-

Conclusions: Rs1800497 is related to the DA receptor D2 density and
rs6269-rs4633-rs4818-rs4680 haplotypes affect the catechol O-methyltransferase level
and enzyme activity. Thus, the interaction was inferred to be at protein—protein and DA
activity level. The genotype combinations of the two SNPs indicate a potential origin of
DA homeostasis abnormalities in PTSD development.

Keywords: post-traumatic stress disorder (PTSD), dopaminergic genes, DRD2/ANNK1-COMT interaction,
modulate, functional variants
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INTRODUCTION

According to the fifth edition of Diagnostic and Statistical
Manual of Mental Disorders (DSM-5), post-traumatic stress
disorder (PTSD) is diagnosed if a patient presents with at least
one out of five intrusive symptoms, one out of two active
avoidance symptoms, two out of seven negative alterations in
cognitions and mood and two out of six alterations in arousal
and reactivity symptoms; each must persist for at least 1 month
after trauma exposure (1). The World Mental Health Surveys
reports that the lifetime prevalence of PTSD is 3.9% in the general
population and 5.6% among trauma-exposed individuals (2).
Previous studies suggested that genetic factors play an important
role in the development of PTSD (3-5). The heritability of
PTSD is estimated to be 40% by a twin study (4) and 29%
(specific for European-American females) by a molecular genetic
study (6). Numerous smaller studies of genetic variants, mostly
single nucleotide polymorphisms (SNPs), of PTSD candidate
genes have been carried out, examining main genetic or gene-
environment interaction effects of candidate genes on PTSD.
Through these studies, more than 50 genes have been explored
to investigate the association between them/their variants and
PTSD; for each of these at least one significant result has been
obtained. Among them, the most frequently studied genes are
SLC6A4, SLC6A3, ADCYAPIRI, dopamine receptor D2 (DRD2),
FKBP5, COMT and BDNF, which were represented in more
than 15 studies. Further, the 5-HTTLPR variant of SLC6A4 was
explored in a total of 41 studies and in 13 of them significant
association test results were obtained. The variant rs6265 of
BDNF was investigated by 10 studies and three of them showed
significant results. However, the findings had not been uniformly
replicated (7). Furthermore, genome-wide association studies
(GWASs) using large sample sizes have been carried out in
search of candidate SNPs conveying a higher PTSD risk (6-8).
Particularly, the most recent GWAS of PTSD by the Psychiatric
Genomics Consortium (PGC) combined 11 multiethnic studies
to form a large-scale analysis (6). However, the overall number
of PTSD genetic studies is small and the number of reported
PTSD susceptibility genes is limited in comparison to some
other mental diseases (7, 9), like schizophrenia, major depression
disorder (MDD) and bipolar disorder (BD) (10-12). N values
are typically relatively small, underscoring the need for further
research of the genetic mechanisms behind PTSD.

From the point view of precision medicine, the concept is
to prevent, diagnose and treat disease by analyzing individual
genomic data and some other individual biomedical information.
The identification and detection of the risk-enhancing SNPs
furthers the cause of precision medicine, in particular aiding the
early prevision of the disease (13). Most published genetic studies
of PTSD to date are candidate gene association studies which
focus on the relationship between PTSD diagnoses/symptoms
and single gene loci. However, from the point view of
system biology, the interaction of genes is as important for
understanding the resulting phenotype as single gene effects.
Single candidate gene association studies often miss important
information like gene-gene interactions (epistasis) (14-16); such
interactions may contribute to a biological basis of PTSD

development (3, 17). It can be particularly difficult to identify
these interaction effects using traditional statistic tests for
multiple comparisons in GWAS-style studies. Epistasis screening
in a hypothesis-driven manner is a solution to this problem (16),
and we propose to do as such in the study of PTSD.

Dopamine (DA) is a neurotransmitter that plays an important
role in neurological processes such as reward, motivation and
stress (18-20). Dysregulation of dopaminergic function and
signaling has been associated with a number of psychiatric
disorders like schizophrenia, drug and alcohol dependence
(21), attention deficit hyperactivity disorder (ADHD) (22) and
possibly PTSD (23). Genes regulating DA neurotransmission,
such as the catechol-O-methyltransferase (COMT) gene, the
DRD2 gene and the DA beta-hydroxylase (DBH) gene, are
involved in biological processes of DA signaling (degradation,
transport, signal transduction, etc.) and must maintain DA
homeostasis through their interaction with each other. These
genes have been “hot” candidate genes for susceptibility of being
involved in mental disorders (24) including PTSD (7). The
DRD?2 gene encodes DRD2, which inhibits adenylate cyclase;
some important genetic variants, such as TaqlA (rs1800497)
altering expression of both DRD2 and its neighborhood gene
ANNK]I, and consequently the DRD2/ANNKI locus constitutes
a plausible target for genetic studies. The COMT gene encodes
COMT, which catalyzes the transfer of a methyl group,
from S-adenosylmethionine to catecholamines (causing DA
inactivation). DBH is encoded by the DBH gene and it converts
DA to norepinephrine (DA conversion). Although some work
has been done on the relationship between PTSD and these genes,
the results are inconsistent and difficult to replicate (25). One
possible explanation for the mixed results can be unaddressed
gene-gene interaction effects between the dopaminergic genes.
We believe the investigation of the association between PTSD
and gene-gene interactions of dopaminergic genes could be a
feasible way to examine contribution of the DA system to PTSD
development.

In the present study, we have investigated gene-gene
interactions of the three dopaminergic genes, DRD2/ANNKI,
COMT and DBH. We genotyped seven SNPs of the three loci in
a Chinese predominantly adult cohort that had been exposed to
the 2008 Whenchuan earthquake and identified DRD2/ANNKI-
COMT interaction that was associated with PTSD. Combining
with the available experimental evidence, we inferred the gene-
gene interaction from SNP-SNP level to protein-protein level
and DA homeostasis level.

MATERIALS AND METHODS

Sample and Procedure

The samples of the present study were recruited from a large
rebuilt community in Hanwang Town, Mianzhu City, China.
Hanwang Town was almost completely destroyed by the 2008
Wenchuan earthquake; we conducted the survey five and a
half years after the earthquake. Details of the cohort have
been described somewhere else (26, 27). Participates were
predominantly adult Chinese (>16 years old) who personally
experienced the deadly earthquake. Individuals with mental
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retardation or a major psychiatry history (like organic mental
disorders and schizophrenia) were excluded from our study.
PTSD symptoms were measured using the PTSD ChecKklist for
DSM-5 (PCL-5), which is a 20-item well validated self-reported
scale to capture the DSM-5 PTSD symptoms with excellent
reliability (28, 29). According to the DSM-5 diagnostic criteria,
the presence of at least one intrusion symptom, one avoidance
symptom, two negative alterations in cognitions and mood
symptoms and two arousal symptoms endorsed as 2 or greater
was used to identify possible PTSD cases. Earthquake-related
trauma exposure was measured by a ten-question scale (26). Each
item was rated either 0 (not experienced) or 1 (experienced) and
the sum score was calculated as the level of trauma exposure.
After participants completed the self-report questionnaires,
peripheral blood samples were collected and DNA was extracted
for genotyping. A total of 1,140 subjects with both clinical and
genotyping data were initially included. We further excluded six
subjects due to missing sex information, resulting in a total of
1,134 subjects—156 PTSD cases and 978 controls. More than
99.6% of our study subjects were Han Chinese. We also recruited
a separate replication cohort consisting of female middle school
students ranging from 13-17 years old that had experienced the
2008 Wenchuan earthquake (32 PTSD cases and 581 controls).
Their PTSD diagnosis was also inferred from PCL-5 and their
DNA was extracted from the saliva. This cohort was utilized
for testing the replication of epistasis (i.e., rs1800497 x rs6269).
Our study was approved by the Institutional Review Board of
Institute of Psychology, Chinese Academy of Sciences. For the
predominantly adult Chinese cohort, informed consents were
signed by all participants. Among them, two were younger than
18 years old and they signed informed consents with permission
of their guardians. For the replication cohort, informed consents
were signed by all participants’ guardians, with agreements of
all participants. The demography of all the subjects is listed in
Table 1.

Variants Selection, Genotyping, and Quality

Control

We chose three important dopaminergic gene loci and
their corresponding important functional SNPs, DRD2/ANNK]1
(rs1800497 and rs1801028), COMT (rs6269, rs4633, rs4818,

TABLE 1 | Demography of subjects in our study.

Data set No. of samples Age of samples Range of
(female/male) (mean = sd) age

DISCOVERY COHORT

Case 156 (115/41) 52.53 + 8.59 21-66

Control 978 (658/320) 47.37 +£9.98 16-73

Total 1134 (773/361) 48.08 + 9.96 16-73

REPLICATION COHORT

Case 32 (32/0) 14.22 +0.71 13-15

Control 581 (581/0) 14.28 +0.83 13-17

Total 613 (613/0) 14.27 £ 0.82 13-17

and rs4680), and DBH (rs1611115). The detailed information,
including chromosome position and possible function, of the
SNPs is listed in Supplementary Table 1. The genotyping was
conducted by a custom-by-design 2 x 48-Plex SNPscan™ Kit
(Genesky Biotechnologies Inc., Shanghai, China) based on a
double ligation and a multiplex fluorescence PCR. A Hardy-
Weinberg equilibrium (HWE) test was performed by exact
tests of the HWE with efficient computational methods (30)
implemented in PLINK (31). The results of the HWE test are
shown in Supplementary Table 1. For our quality control (QC)
of the samples, we removed subjects with call rate <0.8. QC of
SNPs was performed by excluding SNPs with call rate <0.95 or
minor allele frequency (MAF) < 0.01 in either cases or controls
or an HWE test P < 0.05 for controls. All the subjects and SNPs
passed this standard.

Gene-Gene Interaction Screening and

Follow-Up Logistic Regression Analysis

All of our analyses were performed by PLINK v1.07 and 1.09
(v1.07 was only for haplotype-based analysis) (31), Haploview
v4.2 (32), and R3.2.3 (https://www.r-project.org/). All the logistic
regression models utilized an additive model (count of the
minor allele for each SNP) and P-values of the ¢-test for logistic
regression were two-tailed. We first performed a single SNP-
based analysis using a logistic regression model including SNP,
gender, age and trauma exposure. The interaction between SNP
and trauma exposure was further included in the regression
model. Then we carried out epistasis analysis to screen the 21
pairwise interactions formed by the seven SNPs with a simple
logistic regression model, using the following formula:

log(p/(1 —p)) = SNPI + SNP2 + SNP1xSNP2.

The interaction P-value (Pipteraction) Was calculated and subjected
to Bonferroni correction for multiple comparisons. Afterwards,
for the SNP pairs with Perrected < 0.05, we applied an initial
logistic regression model:

log(p/(1 — p)) = gender + age + SNP1 + SNP2 + SNP1
x SNP2 + trauma exposure + SNP1
X trauma exposure 4+ SNP2
X trauma exposure + SNP1

x SNP2 x trauma exposure.

A following Akaike Information Criterion (AIC)-based model
selection procedure was performed using a stepwise algorithm
(33, 34) implemented in R to obtain the optimized logistic
regression model. In our study, the final optimized model was

log(p/(1 — p)) = gender + age + SNP1 + SNP2 + SNP1

x SNP2 + trauma exposure.

The final model was applied to all the following logistic
regression analyses. In addition, we further analyzed the gene-
gene interactions in females and males respectively considering
the important role of gender in PTSD genetic studies.
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Subset Analysis

The gene-gene interaction screening revealed an interaction
between rs1800597 and rs6269, thus we performed a secondary
analysis to further understand how these SNPs interact. We
divided the full data set into three subsets based on a single SNP
genotype, then tested the association of the other SNP in the three
subsets. When we tried to split the full data set by the rs6269
genotypes GG, GA and AA, we found that rs1800497 was only
associated with PTSD (P < 0.05) in the rs6269 GG set, which had
a relatively small sample size (19 cases and 100 controls). Thus
we decided to divide the full data set according to the genotype of
rs1800597 (AA, AG, and GG).

We firstly utilized a chi-squared test for the contingency
table to examine the difference of gender distribution among
subsets and Analysis of Variance (ANOVA) to examine the age
difference among subsets. Then we performed chi-square tests
(genotypic and allelic model, respectively) and logistic regression
for rs6269 in each subset and the full set. The logistic regression
model followed the abovementioned optimized model. For all
the logistic regressions with additive model of minor allele
count per person, we coded AA/AG/GG as 2/1/0 for rs1800497
and GG/GA/AA as 2/1/0 for rs6269 respectively. Besides the
SNP analysis, we further performed haplotype-based analysis
for haplotypes of rs6269-rs4633-rs4818-rs4680 for each subset
and the full set. A linkage disequilibrium (LD) plot was drawn
in Haploview. We then estimated the haplotype frequency by
an expectation maximization (EM) algorithm implemented in
PLINK and performed logistic regression with gender, age and
trauma exposure as covariates to examine the haplotype-PTSD
association. To guard against bias due to the relatively small
sample size, we employed a permutation analysis with 1,000,000
permutation cycles to verify the results of the subset analyses.

RESULTS

Gene-Gene Interaction Screening and

Follow-up Logistic Regression Analysis

The genotype frequency (GF) of the seven SNPs in cases and
controls is shown in Supplementary Table 1. For single SNP-
based analysis, none of the SNPs showed either main effect or
gene—environment interaction effects for PTSD (all P > 0.05,
see Supplementary Table 2). The results of the 21 pairwise
interaction tests are shown in Supplementary Table 3. Two gene—
gene interactions, rs1800497 x rs6269 (Pipteraction = 0.0008055
and  P.yrected = 0.0169155) and rs1800497 x rs4818
(Pinteraction = 0.001008 and P.oreced = 0.021168), met the
corrected significance threshold of Pgprecteq < 0.05. Since rs6269
was in linkage disequilibrium (LD) with rs4818 (r* = 0.94,
calculated by Haploview and based on our cohort), the two
interactions indexed the same signal and we only focused
on the most significant result (rs1800497 x rs6269, which
denoted a DRD2/ANNKI-COMT interaction) in following
analyses. The results of the initial model for this SNP pair are
listed in Supplementary Table 4. After model optimization,
only gender, age, trauma exposure, rs1800497, rs6269 and
rs1800497 X rs6269 remained in the final optimized model

(Table 2). The AIC of the optimized model was 840.0, less
than the AIC of the initial model (844.3). In the optimized
model, the interaction between rs1800497 and rs6269 remained
significant (P = 0.00201). The analysis results for females and
males are shown in Tables 3, 4, respectively. For female subjects,
the results were quite similar to those of the overall subjects
(Pinteraction = 0.00133), while for males, the result in total sample
was not replicated (Pinteraction = 0.23171). These results suggest
that this gene-gene interaction might be gender-specific and
only exist in females.

Subset Analysis

We grouped our sample into three subsets, the rs1800497 AA
set (individuals with rs1800497 genotype AA), the rs1800497
AG set (individuals with rs1800497 genotype AG) and the
rs1800497 GG set (individuals with rs1800497 genotype GG).
The demography (gender and age) of the three subsets and full
set are in Supplementary Table 5. There was neither a gender
distribution difference among subsets nor an age difference
among subsets (x2 = 0.004392, df = 2 and P = 0.9978;

TABLE 2 | Summary of the optimized final logistic regression model of rs1800497
X rs6269.

Variable beta Std. Error t-value P-value
rs1800497 x rs6269 0.60563 0.19606 3.089 0.00201
rs1800497 —0.23301 0.18536 —1.257 0.20872
rs6269 —0.54082 0.22672 —2.385 0.01706
Gender 0.53005 0.20212 2.622 0.00873
Age 0.07203 0.01076 6.692 2.20e—11
Trauma exposure 0.25429 0.04931 5.157 2.51e-07

For the logistic regressions with additive model of minor allele count per person, we coded
AA/AG/GG as 2/1/0 for rs1800497 and GG/GA/AA as 2/1/0 for rs6269 respectively. This
applies to all the following tables.

TABLE 3 | Logistic regression analysis of rs1800497 x rs6269 for female
subjects.

Variable beta Std. Error t-value P-value
rs1800497 x rs6269 0.74833 0.23311 3.210 0.00133
rs1800497 —0.54665 0.22980 —2.379 0.01737
rs6269 —0.58393 0.26002 —2.246 0.02472
Age 0.08408 0.01270 6.622 3.55e—11
Trauma exposure 0.23222 0.05776 4.021 5.80e—05

TABLE 4 | Logistic regression analysis of rs1800497 x rs6269 for male subjects.

Variable beta Std. Error t-value P-value

rs1800497 x rs6269 0.46424 0.38817 1.196 0.23171
rs1800497 0.32976 0.33296 0.990 0.32198
rs6269 —0.64157 0.49243 —1.303 0.19262
Age 0.04506 0.02182 2.065 0.03895
Trauma exposure 0.28493 0.09813 2.904 0.00369
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F =0.75, df = 2 and P = 0.47, respectively). Figure 1 shows
the genotype frequency variability of rs6269 between case and
control for the four sets. There was obvious rs6269 genotype
frequency variability in the rs1800497 AA set and GG set,
with different patterns. The genotype frequency variability of
the rs1800497 AG set and the full set was negligible. The chi-
squared test results for rs6269 in the three subsets and the
full set are shown in Table 5. The rs6269 allele was found to
be differentially distributed between PTSD cases and controls
in the rs1800497 AA (Pyjeiic = 0.004232) and rs1800497 GG
sets (Ppielic = 0.03974), which implies a gene-gene interaction
effect. Logistic regression analysis (see Table 6) further indicated
that rs1800497 modulates the association directions between the
rs6269 genotype and PTSD (rs1800497 AA set: rs6269 minor
allele G associated with increased PTSD risk, OR = 2.32 and
P = 0.010398; rs1800497 AG set: not significant; rs1800497
GG set: rs6269 minor allele G associated with decreased
PTSD risk, OR = 0.56 and P = 0.03201). The result in the
total sample was only replicated with the female sample (see
Supplementary Table 6) but not with the male sample (see
Supplementary Table 7). All of the aforementioned results were

confirmed by permutation tests (Tables 5, 6 and Supplementary
Tables 6, 7).

Haplotype-based analysis further supported the interaction
between DRD2/ANNKI and COMT. An LD plot of the four
COMT SNPs is shown in Supplementary Figure 1, indicating
that the four SNPs were in one LD block. As estimated
by the EM algorithm, there were three major rs6269-rs4633-
rs4818-rs4680 haplotypes, G-C-G-G, A-T-C-A and A-C-C-G
(their total haplotype frequency [HF] was 97.38% in all the
data; see Supplementary Table 8). Detailed analysis denoted
that 94.34% of the rs6269 minor allele G was corresponding
to haplotype G-C-G-G, 97.75% of rs6269 major allele A was
corresponding to haplotype A-T-C-A/A-C-C-G and the r? value
between rs6269 (minor allele G) and rs6269-rs4633-rs4818-
rs4680 haplotypes (reference haplotype G-C-G-G) was 0.95,
agreeing with the results of a previous study in a European
population (35). Since the rs6269 minor allele G tagged
the haplotype rs6269G-rs4633C-rs4818G-rs4680G, we only
considered the haplotypes G-C-G-G (reference haplotype) and
A-T-C-A/A-C-C-G (alternative haplotype) for the haplotype-
based logistic regression analysis. We employed an additive
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TABLE 5 | Chi-squared test of rs6269 in the rs1800497 AA set, the rs1800497 AG set, the rs1800497 GG set and the full set, respectively.

rs1800497 rs6269 genotype count xéeno Pgeno Pperm rs6269 allele count (G/A) xgu e Pajie Pperm
genotype (GG/GA/AA) Case vs. control Case vs. control

AA 8/10/8 vs. 11/70/73 13.38 0.001246 0.0015 26/26 vs. 92/216 8.182 0.004232 0.004707
AG 8/38/36 vs. 51/200/209 0.2793 0.8697 0.8506 54/110 vs. 302/618 0.0006405 0.9798 0.9638
GG 3/17/28 vs. 38/175/151 NA NA NA 23/73 vs. 251/477 4.229 0.03974 0.03915
ALL 19/65/72 vs. 100/445/433 1.036 0.5956 0.6016 103/209 vs. 645/1311 0.0001699 0.9896 0.974
NA, not applicable (since there are fewer than 5 observations in some contingency table cells). Pperm, permutation P-value.

TABLE 6 | Logistic regression analysis of rs6269 in the rs1800497 AA set, the rs1800497 AG set, the rs1800497 GG set and the full set, respectively.

rs1800497 genotype OR (95% CI) beta Std. Error t-value P-value Pperm
AA 2.32(1.22,4.41) 0.84061 0.32807 2.562 0.010398 0.00839
AG 1.02 (0.71, 1.48) 0.02271 0.18878 0.120 0.904240 0.9215
GG 0.56 (0.33, 0.95) —0.58444 0.27256 —2.144 0.03201 0.03067
ALL 1.00 (0.77,1.31) 0.001047 0.136473 0.008 0.99388 0.9917

Pperm, permutation P-value.

model of the haplotype count of G-C-G-G. As shown in
Table 7, the rs6269-rs4633-rs4818-rs4680 haplotype G-C-G-G
was associated with an increased PTSD risk (OR = 2.46 and
P = 0.0144) in the rs1800497 AA set but decreased PTSD
risk (OR = 0.535 and P = 0.0247) in the rs1800497 GG
set. Since rs6269 alleles tagged the rs6269-rs4633-rs4818-rs4680
haplotypes, the results are consistent with results of the subset
analysis on the rs6269 allele. Also, the results in the total sample
were only replicated with the female sample (details not shown).
All the haplotype-based subset analysis results were verified by
permutation analysis (Table 7).

Replication of Gene-Gene Interaction

For the replication cohort, only rs1800497 and rs6269 were
genotyped. The GF of the two SNPs in cases and controls
and results of the HWE test were presented in Supplementary
Table 1. We obtained Pipteraction = 0.01329 for the simple logistic
regression model of rs1800497 x rs6269; beta = 0.8647 and
Pinteraction = 0.0358 for the optimized logistic regression model.
Further statistical analysis for subsets could not be carried out
since the sample size was too small for each subset, though the
same trend was observed. This indicates that the association
between PTSD and the DRD2/ANNKI-COMT gene interaction
was preliminarily replicated.

DISCUSSION

General Discussion

In this study, we investigated gene-gene interaction through
studying SNP-SNP interaction. There are 21 statistical tests
for screening the 21 pairwise SNP-SNP interactions and
multiple testing correction was applied to correct for this.
After multiple testing correction, we identified the rs1800497
X 1$6269 interaction to be significantly associated with PTSD
(Pcorrected < 0.05). Then, all the other tests, including all the

subset and haplotype analyses, were performed to explore the
properties and details of this interaction; as these were not
multiple comparisons of the same subjects, we did not apply
multiple testing correction. Consequently, the exact number of
statistical tests is 21. The effect size (beta) of the interaction is 0.64
(logarithm of the interaction OR 1.89). To assess power of our
study, we utilized Quanto, a tool developed to analyze power and
sample size for genetic studies (36) to calculate statistical power,
with our study’s parameters population risk 0.039, rs1800497
risk allele (A) frequency 0.39, rs6269 risk allele (G) frequency
0.33, interaction OR 1.89, sample size 156(case)/978(control) and
significant level (type I error rate) 0.001. The result showed that
the power of our study is 57.4%. Since all subjects came from the
same community, we assumed that the population stratification
in our samples was negligible.

Since PTSD symptoms are highly overlapped with depression
symptoms, there is possibility that depression is a confounding
factor for our analyses. To assess this issue, we first measured
depression with the Center for Epidemiological Studies-
Depression (CES-D) Scale (37) in the predominantly adult cohort
samples. Then we tried to control for the composition of PTSD
symptoms by adding the CES-D scale score as a covariate in
our final logistic regression model. The results showed that
depression symptom measurement is associated with PTSD
(P = 4e-23) while it nearly does not affect the association
between the gene-gene interaction rs1800497 X rs6269 and
PTSD (P = 0.00163, very similar to the P-value [0.00201]
obtained without consideration for depression). This confirmed
that the identified association is specific for PTSD.

Our analyses identified that the DRD2/ANNKI-COMT gene
interaction (rs1800497 x rs6269) confers an increased risk of
PTSD (Peorrected = 0.0169155). More specifically, rs1800497
modulates the association directions between the rs6269
allele/rs6269-tagged rs6269-rs4633-rs4818-rs4680 haplotypes
and PTSD diagnosis. The associations between PTSD and
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TABLE 7 | Logistic regression analysis of rs6269-rs4633-rs4818-rs4680 haplotype in the rs1800497 AA set, the rs1800497 AG set, the rs1800497 GG set and the full

set, respectively.

rs1800497 genotype RHF in case RHF in control HF OR STAT P-value Pperm
AA 0.5238 0.2986 0.327 2.46 5.98 0.0144 0.012
AG 0.3333 0.3222 0.324 1.07 0.127 0.722 0.7081
GG 0.2283 0.3443 0.331 0.535 5.04 0.0247 0.02377
ALL 0.3276 0.3269 0.327 0.997 0.0005 0.982 0.9791

RHF, reference haplotype (G-C-G-G) frequency. OR, odds ratio for reference haplotype (G-C-G-G) and alternative haplotype (A-T-C-A/A-C-C-G). HF, reference haplotype frequency in

all subjects. Pperm, permutation P-value.

1$6269/rs6269-rs4633-1s4818-rs4680 haplotypes, in different
directions, were observed when rs1800497 AA or GG genotypes
were present. These results can only be seen in females based
on our data, indicating that gender is an important factor for
genetic studies and there might be some potential gene-gene
interactions between X-linked genes and dopaminergic genes.
Also, taking into account that our results were replicated in
Chinese young females who had experienced the earthquake, it
seems that at least our results generally apply to female Chinese
earthquake survivors. Furthermore, the minor allele frequencies
(MAFs) of rs1800497 and rs6269 are 0.39 and 0.33 respectively in
our study. According to the 1000 Genomes Phase 3 data (38), the
MAFs of the two SNPs in our population are close to those in the
East Asian population EAS (MAF = 0.41 and 0.34 respectively)
and African population AFR (0.39 and 0.37 respectively), with
MAF difference <0.05 for both of the SNPs; they are different
from those in Ad Mixed American population AMR (0.31 and
0.31 respectively), European population EUR (0.19 and 0.41
respectively) and South Asian population SAS (0.31 and 0.33
respectively), with MAF difference > 0.05 for at least one of the
SNPs. Thus, our results possibly generally apply to East Asian
and African.

According to our results, the rs6269 minor allele G-tagged
COMT 156269-154633-r54818-r54680 haplotype G-C-G-G was
associated with an increased PTSD risk (OR = 2.46 and
P = 0.0144) when the rs1800497 genotype AA was present.
However, this was associated with a decreased PTSD risk
(OR = 0.535 and P = 0.0247) when the rs1800497 genotype
was GG. In those individuals whose rs1800497 genotype was
AG, this haplotype did not show a correlation with PTSD
(OR = 1.07, P = 0.7081). Previous literature has established
that the rs1800497 AA, AG and GG genotypes correspond
to low, intermediate and high DRD2 density respectively in
vivo (39, 40). The rs6269-rs4633-rs4818-rs4680 haplotype affects
COMT protein levels and enzyme activity by altering its mRNA
secondary structure, producing the following phenotypes: the
haplotype G-C-G-G will result in high levels, A-T-C-A will
result in normal levels and A-C-C-G will result in low COMT
protein levels and enzyme activity (41). Thus, an inference
on the biological function and mechanism of the DRD2-
COMT interaction may be as follows. In the case of low
DRD2 density, high COMT levels and enzyme activity (resulting
in overall low DA signaling) increase the PTSD risk; in the
situation of high DRD2 density, the effect of high COMT

protein levels and enzyme activity is protective (preventing
an overall high DA signaling). By now the abnormalities
of the dopaminergic system in PTSD have been uncovered.
One recent study found that PTSD subjects have a higher
striatal DA transporter density, showing physiological evidence
for this hypothesis (42). It has also been reported that, in
chronic PTSD subjects, a decline in CNS DA metabolite
homovanillic acid concentrations correlates with laboratory-
induced symptoms (43). These findings provide a potential
explanation for the observed relationship between abnormalities
in homeostasis of the dopaminergic system and development of
PTSD.

We also performed candidate gene association analyses and
gene-environment interaction analyses. We found no statistically
significant results, suggesting that these SNPs confer a higher
PTSD risk only by gene-gene interactions, based on our cohort.
The SNP rs1800497, also known as DRD2 TaqlA, has been
investigated in many studies. This SNP has been considered a
marker for altered DRD2 density. It has also been argued that
it might be a marker for some functional variant of DRD2 or
be indirectly involved in DRD2 expression (24). When we split
our complete data by the rs6269 genotypes GG, GA and AA,
rs1800497 was only associated with PTSD (P < 0.05) in the
rs6269 GG set, which had a relatively small sample size (19
cases and 100 controls). Thus, it is more likely that rs1800497
controls the association directions of rs6269 than the opposite
situation. Goenjian et al. (44) examined the effect of rs6269
on PTSD severity, and no significant relationships were found.
The findings of our study provide a possible explanation for
this negative result and show the advantage of including gene-
gene interactions in explaining the genetic basis of PTSD. The
DRD2-COMT interaction has been reported to be associated
with working memory (45). As deficits in working memory have
been highlighted in PTSD patients (46), whether the association
between the DRD2-COMT interaction and PTSD is mediated
by affecting the working memory deserves further research. In
our study, we found the DRD2-COMT interaction signal to
be present in women only. Possible explanations include the
influence of sex hormones on dopaminergic neurotransmission
or the effect of having many more women than men enrolled
in the study and hence insufficient power to show an effect
in men.

As described above, our findings are quite illuminating
with respect to the existing literature. This indicates that
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studying gene-gene interaction has great potential for future
investigation of the association between genes and mental
disorders, especially when seemingly significant alterations in
relevant genes demonstrate no discernable association to disease
manifestation. Furthermore, this also shows that genes may
contribute to mental disorders in a nonlinear fashion.

Limitations

There are some obvious limitations in our study. First, the
overall sample size is modest compared other genetic studies
and thus negative findings should be interpreted with caution
due to the power issues. Our study examined effects of
only one trauma exposure, the 2008 earthquake. Thus, the
results would need to be investigated in other PTSD study
cohorts exposed to different types of trauma. Another limitation
is that DSM-5 PTSD diagnosis was inferred according to
PCL-5, which is a self-report measure. Therefore, further
studies using clinician-administered instruments are warranted.
Since the replication cohort only contains young females, it
is preliminary and limited. The last limitation is that we
only explored three dopaminergic neurotransmission-related
loci and seven SNPs of the three loci. In the future, more
dopamine-relevant loci and their genetic variants should be
tested to detect gene-gene interaction effects on PTSD more
completely.

CONCLUSIONS

Despite these limitations, we first found that the DRD2/ANNKI-
COMT interaction confers a higher PTSD risk. Since the SNPs
correspond to polymorphisms of protein levels and activity, the
association was inferred to be at a protein-protein interaction
and DA homeostasis level, providing a potential origin of
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