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Genome-wide by Environment Interaction Study
of Stressful Life Events and Hospital-Treated
Depression in the iPSYCH2012 Sample

Nis P. Suppli, Klaus K. Andersen, Esben Agerbo, Veera M. Rajagopal, Vivek Appadurai,
Jonathan R.I. Coleman, Gerome Breen, Jonas Bybjerg-Grauholm, Marie Bækvad-Hansen,
Carsten B. Pedersen, Marianne G. Pedersen, Wesley K. Thompson, Trine Munk-Olsen,
Michael E. Benros, Thomas D. Als, Jakob Grove, Thomas Werge, Anders D. Børglum,
David M. Hougaard, Ole Mors, Merete Nordentoft, Preben B. Mortensen, and
Katherine L. Musliner
ABSTRACT
BACKGROUND: Researchers have long investigated a hypothesized interaction between genetic risk and stressful
life events in the etiology of depression, but studies on the topic have yielded inconsistent results.
METHODS: We conducted a genome-wide by environment interaction study (GWEIS) in 18,532 patients with
depression from hospital-based settings and 20,184 population controls. All individuals were drawn from the
iPSYCH2012 case-cohort study, a nationally representative sample identified from Danish national registers.
Information on stressful life events including family disruption, serious medical illness, death of a first-degree
relative, parental disability, and child maltreatment was identified from the registers and operationalized as a time-
varying count variable. Hazard ratios for main and interaction effects were estimated using Cox regressions
weighted to accommodate the case-cohort design. Our replication sample included 22,880 depression cases and
50,378 controls from the UK Biobank.
RESULTS: The GWEIS in the iPSYCH2012 sample yielded three novel, genome-wide–significant (p , 5 3 1028) loci
located in the ABCC1 gene (rs56076205, p = 3.73 10210), the AKAP6 gene (rs3784187, p = 1.23 1028), and near the
MFSD1 gene (rs340315, p = 4.5 3 1028). No hits replicated in the UK Biobank (rs56076205: p = .87; rs3784187: p =
.93; rs340315: p = .71).
CONCLUSIONS: In this large, population-based GWEIS, we did not find any replicable hits for interaction. Future
gene-by-stress research in depression should focus on establishing even larger collaborative GWEISs to attain
sufficient power.

https://doi.org/10.1016/j.bpsgos.2021.11.003
Major depression is a common, highly burdensome mental
illness that effects as many as 21% of people at some point
during their lifetimes (1,2). Studies suggest that major
depression is around 30% to 40% heritable (3), meaning that a
moderate amount of the population-level variability in major
depression can be attributed to genetic factors. However,
environment also plays an important role in determining who
develops major depression and who does not. In particular,
experiencing a stressful life event (SLE) in childhood or adult-
hood has been shown to increase depression risk (4,5). SLEs
include childhood physical, sexual, or emotional abuse; death
of a relative; severe illness; divorce or separation; economic
deprivation; and forced exit from the workforce. Events can
cause stress if they occur to the individual (e.g., child abuse,
divorce, severe illness) or if they happen to a close relative,
particularly during childhood (e.g., divorce or severe illness in a
ª 2021 THE AUTHORS. Published by Elsevier Inc on behalf of the S
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parent). Each of these events has been shown to be associ-
ated with increased risk for depression (6,7); however, the
cumulative burden of stress is particularly relevant for deter-
mining depression risk. Studies have consistently shown that
as the number of SLEs increases, risk for depression also in-
creases, and individuals with over four SLEs experience
depression risks 3 to 5 times those of individuals with no SLEs
(6,8,9).

Historically, there has been great interest in the possibility of
an interaction between SLEs and genetic liability as risk factors
for depression. Such an interaction, if present, not only could
lead to a better understanding of the underlying etiology of
depression, but also could potentially be useful for identifying
individuals at particularly high risk for developing depression.
An early twin study (10) found that risk for depression after an
SLE was only elevated among individuals with high genetic
ociety of Biological Psychiatry. This is an open access article under the
-nd/4.0/).
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liability. Subsequently, researchers selected candidate genes
that they believed were associated with depression risk and
examined whether variants in these genes interacted with
SLEs to predict depression (11–19). These studies yielded
inconsistent results, with even meta-analyses reaching
different conclusions regarding the validity of the associations
(20–27). Research examining the interaction between poly-
genic risk scores and SLEs has also yielded inconsistent re-
sults, with some finding evidence for interaction (28–30) and
some failing to do so (29,31–33).

The hypothesis-driven (i.e., candidate gene) approach for
identifying specific variants associated with a given outcome has
not been successful in psychiatric research (34–36). This has led
to the embrace of the genome-wide-association study (GWAS)
as a method for identifying variants associated with psychiatric
disorders in a theoretically agnostic fashion. In a GWAS, single
nucleotide polymorphisms (SNPs) in sufficient linkage disequi-
librium to tag the entire genome are tested for association with
the outcome of interest. Significance is evaluated based on an
adjusted alpha level to avoid false positive results. This method
has been highly successful in psychiatric genetics and has led to
the identification of over 100 variants associated with major
depression at the genome-wide–significant alpha level (37). Thus
far, GWASs have failed to replicate any findings from candidate
gene-by-stress interaction studies (38).

To our knowledge, four prior studies have used this theo-
retically agnostic, genome-wide approach to evaluate whether
individual genetic variants interact with SLEs as risk factors for
depressive symptoms measured using symptoms scales
including the Beck Depression Inventory, the General Health
Questionnaire, and the Centers for Epidemiological Studies
Depression Scale. Dunn et al. (39) conducted a genome-wide
by environment interaction study (GWEIS) of depressive
symptoms in a sample of 7179 African American and 3138
Hispanic/Latina women. They identified one genome-wide–
significant SNP in the African American sample near the
CEP350 gene (rs4652467, p = 4.10 3 10210); however, this
association did not replicate. Ikeda et al. (40) conducted a
GWEIS of depressive symptoms and SLEs in 1088 individuals
recruited from among employees of the Fujita Health University
Hospital in Japan. The authors reported a significant interac-
tion for a SNP near the BMP2 gene (rs10485715, p = 8.2 3

1029); however, no attempts were made to replicate this result.
Otowa et al. (41) conducted a GWEIS of depressive symptoms
and SLEs in 320 Japanese individuals, with no genome-wide–
significant results. Most recently, Arnau-Soler et al. (42) con-
ducted GWEISs of depressive symptoms and SLEs in 4919
Europeans from the Generation Scotland cohort and 99,057
Europeans from the UK Biobank. The authors found two SNPs
significant for interaction at the genome-wide level in the
Generation Scotland sample: one near the PIWIL4 gene (p =
4.953 1029) and one intronic to the ZCCHC2 gene (p = 1.46 3

1028). They found no genome-wide–significant hits in the UK
Biobank, and the significant hits from the Generation Scotland
Sample did not replicate in the UK biobank.

Most of these GWEISs had sample sizes that most likely left
them underpowered to detect significant interaction results. In
addition, the outcome of all of these studies was depressive
symptoms, rather than clinically defined major depression.
Although depressive symptoms are highly genetically
Biological Psychiatry: Global O
correlated with major depressive disorder (43), they neverthe-
less are a distinct outcome with, potentially, distinct associa-
tions with individual SNPs. Furthermore, all of these studies
relied, out of necessity, on measures of SLEs that were
retrospective and therefore potentially subject to recall bias
(44,45). Finally, prior GWEISs were not able to account for the
time-dependent nature of both SLEs and depression. SLEs
can occur at multiple points during the lifespan, and analytic
strategies that fail to account for this can potentially be subject
to bias. GWAS has traditionally used logistic regressions to
calculate odds ratios for the associations between individual
SNPs and the odds of being a case. However, this approach
does not measure risk for developing the disorder, which is
arguably more useful from a clinical and public health stand-
point (46). A different methodological approach is therefore
needed to determine the associations between individual
SNPs and risk for developing major depression, as well as
potential interactions between SNPs and SLEs as risk factors
for developing major depression.

Our aim in this study was to examine interactions between
individual SNPs and a time-dependent, prospective measure
of SLEs as risk factors for major depression in the general
population. To accomplish this, we used data from the
iPSYCH2012 case-cohort sample—a population-based cohort
of individuals born in Denmark that includes information on
psychiatric diagnoses from hospital-based settings. In addi-
tion, we also conducted a GWAS of major depression using
survival analysis, rather than logistic regression, as the un-
derlying statistical methodology to examine the associations
between individual SNPs and risk for developing major
depression in the general population.

METHODS AND MATERIALS

Study Design and Sample

Data were drawn from the iPSYCH2012 study, which has a
case-cohort design (47). In this design, the study sample is
nested within a larger base population and includes all cases
from the full cohort but only a subset of noncases (48). This
reduces the cost and burden associated with collecting bio-
logical specimens (in the case of iPSYCH, DNA for genetic
analysis). The subset used as the comparison group is typically
a random sample of individuals drawn from the full cohort (i.e.,
the subcohort). Because it is random, some cases will by
chance be selected as part of the subcohort. The great benefit
of this design over a nested case-control design is that it en-
ables the unbiased calculation of risk and hazard ratios, as in a
cohort study (49). Because not all noncases from the full
cohort are included, this design can be more efficient and cost-
effective than a cohort study, particularly when the collection
of biological samples is involved (48–50). For a detailed over-
view on case-cohort designs, see Barlow et al. (48), and for a
brief tutorial, see Musliner et al. (51) (Supplement).

The iPSYCH2012 case-cohort sample includes a subcohort
of 30,000 individuals (i.e., the subcohort) selected randomly
from the base population of all individuals born in Denmark
between 1981 and 2005 who survived to their first birthday and
had known mothers (n = 1,472,762). To this random sample all
additional cases from the base population (n = 56,189) were
added, i.e., individuals who received a diagnosis of affective
pen Science October 2022; 2:400–410 www.sobp.org/GOS 401
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disorder, schizophrenia, autism, or attention-deficit/
hyperactivity disorder between 1994 and 2012 in inpatient,
outpatient, or emergency room settings in Danish psychiatric
hospitals. Records of psychiatric diagnoses are stored in the
Danish Psychiatric Central Research Register (52). Around 4%
of individuals in the subcohort (n = 1188) also received one of
the above psychiatric diagnoses, bringing the total number of
individuals with a psychiatric diagnosis to 57,377. Biological
material for DNA analysis was linked to information from na-
tional population-based registers using the unique, personal
identification number assigned to all Danish citizens and legal
residents since 1968 by the Danish Civil Registration System
(53). The Danish Civil Registration System also includes par-
ents’ personal identification numbers, allowing establishment
of all known first-degree relatives (parents, siblings, half-
siblings, and offspring).

For this study, we selected all individuals in the
iPSYCH2012 subcohort and the remaining patients with
depression (ICD-10 codes F32–F33) from the full cohort 1) who
were of European ancestry based on principal component
analysis, 2) who were successfully genotyped, and 3) for whom
follow-up data starting at 10 years of age was available. We
also removed at random 1 person from each pair of relatives
(second degree or closer, bp . 0.2). The final study sample
included 38,716 individuals: 20,563 individuals from the sub-
cohort (of whom 379 had a depression diagnosis) and 18,153
additional individuals from the full cohort with a depression
diagnosis (total number of patients with depression = 18,532).

Measures

Stressful Life Events. SLEs included death of a parent,
sibling, or child; serious medical illness in the individual or one
of their first-degree relatives; family disruption owing to divorce
or separation; parental disability; and child maltreatment. SLE
variables were obtained from Danish national population-
based registers (52,54,55). A detailed description of how
each SLE was measured is shown in Table S1. Dahl et al. (6)
examined these events in the Danish registers and found that
all were associated with depression risk individually, and that
the number of SLEs was associated with depression in a dose-
response fashion (6). Information on SLEs was combined into a
time-varying count variable, such that individuals contributed
person-time to the analyses within whichever category of SLE
that they were in at that time, and switched to contribute
person-time within a different SLE category when they expe-
rienced a subsequent SLE.

Genetic Data. DNA was obtained from blood spots
collected at birth as part of routine clinical screening and
stored in the Danish Newborn Screening Biobank (56).
Bloodspots were located for 80,422 (93%) members of the
iPSYCH2012 sample. Samples were genotyped at the Broad
Institute of Harvard and MIT (Cambridge, MA) in 23 waves
using the Infinium PsychChip v1.0 array (Illumina). Quality
control and imputation were performed using the RICOPILI
pipeline (57). The filtering process excluded variants with call
frequency ,0.98 or a Hardy-Weinberg equilibrium p value
,1 3 1026. Ninety percent (n = 77,639) of the sample passed
quality control.
402 Biological Psychiatry: Global Open Science October 2022; 2:400–
Analyses

Main and interaction effects for the associations between in-
dividual SNPs, SLEs, and depression were estimated using a
series of Cox regressions. Owing to undersampling of non-
cases in a case-cohort design, weights must be applied to
obtain accurate estimates (48). These weights ensure that only
members of the random subcohort contribute person-time to
the survival analyses, while cases outside the cohort enter the
analyses a moment before their time of failure. For this study,
we used the weighting method proposed by Prentice (50), in
which members of the subcohort (including cases) receive a
weight of 1, and depression cases outside the subcohort
receive a weight of 0 before their failure date and 1 when they
enter the risk set in which they themselves fail. This method
has been shown to produce estimates that most closely
resemble those obtained from the full cohort (58).

Persons in the study sample were followed from 10 years of
age until first depression diagnosis, death, emigration, or
December 31, 2012, whichever came first. The underlying time
metric was age in days. The time-dependent SLE count vari-
able was analyzed as a continuous variable. All analyses were
adjusted for sex, birth year, and the first 5 ancestral principal
components. Wald statistics were used to test for interaction.
Analyses were conducted in R (version 3.1.2; R Foundation for
Statistical Computing). Regional visualizations of results from
GWEIS analyses were plotted with LocusZoom (59).

There are approximately 11 million directly genotyped and
imputed SNPs available for members of the iPSYCH2012
sample. However, according to Danish law, some register-
based data are available only at dedicated servers at Statis-
tics Denmark. Because this study includes variables that can
only be accessed through these servers, we were required to
conduct the analyses in a Windows environment (Microsoft
Corp.), which created some computational challenges that
made it impossible to run our GWAS and GWEIS analysis in
the full set of 11 million SNPs. To get around these chal-
lenges, we conducted our GWEIS of SLEs and depression in
two stages: first, we selected a subset of SNPs in which
minor allele frequency (MAF) was .0.01 and missing rate was
,0.1. From there, we conducted linkage disequilibrium
pruning with various r2 thresholds and found that an r2 value
of 0.7 left us with 496,162 high-quality SNPs distributed
across the genome. These SNPs were then uploaded onto
the Statistics Denmark servers and merged with the register-
based data for GWAS and GWEIS analysis. Based on the
GWEIS analysis using these 496,162 SNPs, we identified all
SNPs with interaction p values below p = 1 3 1025. We then
went back to the original sample of 11 million SNPs and
identified all additional SNPs located 500 kb upstream or
downstream of these SNPs and uploaded them onto the
server at Statistics Denmark. This enabled a second stage of
analysis in which there was dense coverage of the areas with
suggestive evidence for interaction. For this second stage,
statistical significance was evaluated at the genome-wide–
significant a level of p , 5 3 1028. Given the actual num-
ber of SNPs included in our GWEIS and the fact that the
second stage of SNP selection specifically aimed to increase
coverage of specific genomic areas, we posit p , 5 3 1028 to
be a conservative threshold.
410 www.sobp.org/GOS
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Replication Attempt. We attempted to replicate our top
findings in a case-control sample of depression drawn from the
UK Biobank (60). The UK Biobank includes more than 500,000
persons 40–69 years of age at recruitment and holds a variety
of biological measurements, lifestyle indicators, and bio-
markers, including genome-wide genotype data on all partici-
pants. The current replication analyses were based on a
sample of 73,258 genetically unrelated persons of European
ancestry (22,880 depression cases and 50,378 controls) for
whom SNP data as well as information on trauma exposure
were available (61). Lifetime depression was assessed with
questions from the Composite International Diagnostic Inter-
view. Trauma exposure was operationalized as a dichotomous
variable based on self-report of severe trauma experiences in
childhood and adulthood. For detailed information on the
replication sample, see Coleman et al. (61) (Supplement). We
tested for interaction between the dichotomous trauma
exposure and all available SNPs located within 6500 kb of the
most significant SNP from each of the three genome-wide–
significant loci identified in the iPSYCH2012 GWEIS. In total,
7745 SNPs were tested for interaction using PLINK2a (62). We
assessed the number of independent loci tested for interaction
at varying r2 (0.1–0.5) and differently sized windows (250–3000
kb) yielding 443 to 1252 independent loci (see Table S2).

RESULTS

Sample Characteristics

Sample characteristics are shown in Table 1. Patients with
depression inside and outside the population-based random
subcohort showed similar characteristics. Sixty-nine percent
of patients with depression and 49% of subcohort members
were female. Mean age at first depression diagnosis was 19.6
years (19.7 years for patients outside the subcohort) (SD = 4.1
years inside the subcohort and 4.2 years outside the sub-
cohort). SLEs were common—by 10 years of age, 48% of
patients with depression (49% for patients outside the sub-
cohort) and 39% of population-based control subjects had
experienced at least one SLE.

GWAS Results

Figure 1 shows results from GWASs examining the main ef-
fects of 496,162 SNPs on the hazard of depression (Figure 1A)
Table 1. Sample Characteristics

Characteristic
MD Cases Outside t
Subcohort (n = 18,15

Gender, n (%)

Female 12,430 (68.5%)

Male 5723 (31.5%)

Birth Cohort, n (%)

1981–1985 5953 (32.8%)

1986–1990 6670 (36.7%)

1991–2002 5530 (30.5%)

.1 SLE Before 10 Years of Age, n (%) 8712 (48.0%)

Age at First MD Diagnosis, Years, Mean (SD) 19.7 (4.2)

MD, major depression; NA, not applicable; SLE, stressful life event.

Biological Psychiatry: Global O
and the hazard of experiencing at least one SLE (Figure 1B).
The GWAS of the risk for developing depression yielded 1
genome-wide–significant hit (rs7700661, p = 1.99 3 1028) and
52 hits in which p , 1 3 1025 (Figure 1A). No individual SNPs
had p values ,1 3 1025 for the main effect of SNPs on the
hazard of SLEs (Figure 1B).

GWEIS Results

The GWEIS analysis of 496,162 SNPs yielded 60 SNPs in
which p , 1 3 1025 (Table 2). After rerunning the GWEIS
including all SNPs located within 500 kb of these 60 SNPs,
three independent loci reached genome-wide significance
(Figure 2). Hazard ratios for the three top hits are shown in
Figure 3, and region plots are shown in Figure 4. The top hit,
rs56076205 (p = 3.7 3 10210), was located in an intron of the
ABCC1 gene. Compared with homozygotes for the major
allele, homozygotes for the minor allele (MAF = 0.07) had a
hazard for depression.20 times greater than homozygotes for
the major allele at 3 SLEs, and .500 times greater at 41 SLEs
(see Figure 3A). ABCC1 is known as a multidrug resistance
protein and has a range of commonly used drugs as substrate
(63). Mice studies report a strong influence of ABCC1 on ce-
rebral accumulation of amyloid-b (64). The second hit,
rs3784187 (p = 1.2 3 1028), was located in an intron of the
AKAP6 gene. For this SNP, homozygotes for the minor allele
(MAF = 0.06) showed a negative interaction such that as SLEs
increased, risk for depression decreased (see Figure 3B). The
protein transcribed from the AKAP6 gene is involved in intra-
cellular signaling in the protein kinase A pathway (65). In 2015,
a meta-analysis from the CHARGE (Cohorts for Heart and
Aging Research in Genomic Epidemiology) consortium found a
genome-wide–significant association between an SNP in the
AKAP6 gene and general cognitive functioning (66). The final
hit, rs340315 (p = 4.5 3 1028), was located near the MFSD1
gene. MFSD1 is a membrane-bound solute carrier present in a
wide range of human tissues (65). A recent mice study reported
MFSD1 to be abundant in the plasma membrane of neurons
(67). Further, the study found alterations in gene expression in
response to environmental stress. Homozygotes for the minor
allele (MAF = 0.31) showed a similar pattern to the first hit, such
that the hazard for depression was .3 times higher at 3 SLEs
and .30 times higher at 41 SLEs compared with homozy-
gotes for the major allele (see Figure 3C).
he
3)

MD Cases Inside the
Subcohort (n = 379)

Noncases From the
Subcohort (n = 20,184)

263 (69.4%) 9848 (48.8%)

116 (30.6%) 10,336 (51.2%)

126 (33.3%) 3585 (17.8%)

150 (39.6%) 4570 (22.6%)

103 (27.2%) 12,029 (59.6%)

185 (48.8%) 7857 (38.9%)

19.6 (4.1) NA

pen Science October 2022; 2:400–410 www.sobp.org/GOS 403
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Figure 1. Manhattan plots for main effects of 496,162 SNPs on risk for depression and SLEs in 18,532 patients with major depression and 20,184 pop-
ulation-based control subjects. (A) Main effects of 496,162 individual SNPs on risk for major depression diagnosis in hospital-based settings in Denmark from
1995 to 2012. (B) Main effects of 496,162 individual SNPs on risk for experiencing at least one SLE. SLE, stressful life event; SNP, single nucleotide
polymorphism.

Table 2. Sixty SNPs With p Values ,1 3 1025 for Interaction With SLEs on Risk for Major Depression Tested Among 496,162
SNPs in 18,532 Patients With Major Depression and 20,184 Population-Based Control Subjects

Chromosome
Location

(bp) SNP
Interaction,

p

Main Effect
Depression,

p

Main
Effect
SLEs, p A1 A2 MAF Gene Context

1 16650609 rs149334507 1.05 3 1026 .0042 .42 A C 0.02 ARHGEF19---[FBXO42]--SZRD1

1 21937317 rs12083062 4.80 3 1026 .81 .72 T C 0.05 ALPL--[RAP1GAP]--USP48

1 86628279 rs150960662 6.38 3 1026 .92 .59 A C 0.02 COL24A1-[ ]---ODF2L

1 153310297 rs821433 5.60 3 1026 .0014 .56 G A 0.10 PGLYRP3--[PGLYRP4]--S100A9

1 228022150 rs182670935 3.59 3 1026 .13 .17 G A 0.01 SNAP47--[PRSS38]--WNT9A

1 247711911 chr1:247711911 2.34 3 1026 .14 .93 TGTT CGTT 0.17 OR2C3--[GCSAML]--OR2G2

2 31549959 rs207426 6.48 3 1026 .61 .74 C A 0.35 FADS1--[FADS2]--FADS3

2 125009457 rs79653267 3.30 3 1026 .77 .91 A G 0.02 [CNTNAP5]---MTND5P22

2 150854878 rs149282157 5.78 3 1026 .07 .43 A G 0.01 MMADHC---[ ]---RND3

2 159027173 rs10804390 6.21 3 1026 .10 .47 T C 0.32 UPP2--[ ]CCDC148

2 166023849 rs62174951 5.51 3 1026 .19 .97 G A 0.11 SLC38A11---[SCN3A]--SCN2A

3 20622558 rs9846696 9.89 3 1026 .0001 .69 G C 0.05 SGOL1---[ ]

3 22055173 rs61553318 3.29 3 1026 .06 .41 A C 0.04 ZNF385D-AS2--[ZNF385D]---
HMGB1P5

3 77675638 rs876675 6.40 3 1026 .21 .61 C T 0.50 VDAC1P7---[ROBO2]---RP11-
354H21.1

3 158545195 rs6792827 4.51 3 1026 .04 .85 T G 0.13 RARRES1--[MFDS1]---IQCJ-
SCHIP1

3 158551731 rs61796809 4.34 3 1026 .11 .98 A G 0.22 MFSD1-[ ]---IQCJ-SCHIP1

3 158583584 rs340284 8.02 3 1026 .0001 .86 G A 0.36 MFSD1--[ ]--IQCJ-SCHIP1

4 27574252 rs75065309 6.72 3 1026 .08 .23 A G 0.01 RP11-415C15.2---[ ]--IGBP1P5

4 59684939 rs116510933 6.43 3 1026 .01 .74 A G 0.07 RP11-577G20.2---[ ]

GWEIS of Depression and Stress in iPSYCH2012
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Table 2. Continued

Chromosome
Location

(bp) SNP
Interaction,

p

Main Effect
Depression,

p

Main
Effect
SLEs, p A1 A2 MAF Gene Context

4 69821738 rs1841036 5.07 3 1026 .0031 .21 T G 0.16 UGT2A3-[ ]--UGT2B11

4 126117627 rs13110472 2.16 3 1027 .13 .60 T C 0.06 ANKRD50---[ ]---FAT4

4 151061659 rs72730361 7.41 3 1026 .09 .99 T C 0.02 RP11-423J7.1---[DCLK2]---LRBA

4 158141677 rs28545562 5.47 3 1026 .03 .69 C T 0.02 GLRB--[GRIA2]---RP11-364P22.1

4 186959486 rs6818787 7.66 3 1026 .30 .08 C A 0.40 SORBS2--[ ]--TLR3

5 33216242 rs28566539 7.23 3 1026 .12 .43 T C 0.15 NPR3---[CTD-2066L21.3]---TARS

5 121067170 rs7735996 6.14 3 1026 .16 .75 G A 0.06 RP11-510I6.3---[ ]---FTMT

5 178981060 rs72822583 8.08 3 1026 .31 .67 T C 0.04 ADAMTS2---[RUFY1]--HNRNPH1

6 15849887 rs72823483 2.85 3 1026 .24 .45 A G 0.01 DTNBP1---[ ]---MYLIP

6 107310381 rs9486484 4.53 3 1026 .30 .53 G A 0.15 QRSL1---[ ]--C6orf203

7 21144220 rs73277532 5.16 3 1026 .87 .88 G T 0.01 ABC5B-SP8---[ ]---SP4

7 91011858 rs73220765 9.71 3 1026 .51 .57 T C 0.01 FZD1---[RP11-115N4.1][RP11-
142A5.1]---MTERF1

8 32516140 rs35955476 4.40 3 1026 .05 .84 C CAG 0.47 NRG1-IT3---[NRG1]---RP11-
11N9.4

8 56535514 rs6474006 7.85 3 1026 .49 .59 C T 0.40 XKR4--[ ]--TMEM68

8 103203727 rs4102400 3.89 3 1026 .49 .43 T C 0.47 NCALD--[ ]--RRM2B

9 83000507 rs7861030 1.56 3 1027 .0049 .51 T C 0.50 NPAP1P4-[ ]---RP11-117O7.2

9 83023317 rs10780394 6.22 3 1026 .0002 .50 G A 0.32 NPAP1P4--[ ]---RP11-117O7.2

10 8286974 rs1796867 2.85 3 1027 .0032 .68 A G 0.06 PRPF38AP1--[ ]--LINC00708

10 64266748 rs10995178 4.87 3 1027 .00001 .89 A G 0.45 RTKN2---[ZNF365]---ADO

10 129586689 rs1926181 3.86 3 1026 .17 .34 A C 0.20 FOXI2--[ ]--CLRN3

11 13920438 rs61884777 8.35 3 1026 .12 .54 G A 0.09 FAR1---[ ]--SPON1

11 41939498 rs142799494 1.93 3 1026 .83 .16 T A 0.01 LRRC4C---[ ]--RP11-148I19.1

11 44032917 rs118008313 4.63 3 1026 .53 .56 T C 0.03 C11orf96--[ ]--ACCSL

11 44452139 rs10769047 4.06 3 1026 .05 .73 A T 0.50 ALX4---[ ]--CD82

11 45881397 rs139670444 1.12 3 1026 .24 .95 A AG 0.05 SLC35C1--[CRY2]--MAPK8IP1

11 116604070 rs180353 5.53 3 1026 .45 .88 C T 0.20 AP000770.1--[ ]--BUD13

11 128996355 rs7944939 1.48 3 1026 .02 .71 C T 0.31 TP53AIP1---[ARHGAP32]---
BARX2

12 119758130 rs140437928 3.41 3 1026 .02 .23 C T 0.02 HSPB8--[ ]--CCDC60

13 51272084 rs797498 6.55 3 1027 .06 .58 A G 0.08 DLEU1-AS1---[DLEU1]--DLEU7

13 114591051 rs9550266 4.89 3 1026 .01 .28 A G 0.16 GAS6--[ ]LINC00452

14 32860927 rs1951185 1.60 3 1026 .08 .94 T C 0.06 ARHGAP5---[AKAP6][RP11-
320M16.2]--RN7SL660P

15 35002935 rs16959528 6.12 3 1027 .94 .59 G A 0.11 GOLGA8B---[ ]--GJD2

16 6338673 rs1344474 9.41 3 1026 .86 .39 G A 0.12 [RBFOX1][RB11-420N3.3]

16 16172008 rs56076205 3.74 3 10210 .05 .55 T C 0.07 FOPNL---[ABCC1]--ABCC6

16 63680366 rs12448930 3.17 3 1027 .09 .86 A C 0.25 RP11-368L12.1--[ ]--RP11-
370P15.1

17 70291156 rs1967304 5.85 3 1026 .67 .11 C A 0.25 SOX9---[ ]---SLC39A11

18 37425523 rs2048647 3.52 3 1026 .03 .48 G C 0.21 RP11-244M2.1--[RP11-
636021.1]---LINC01477

18 77985650 rs111447074 1.30 3 1026 .12 .59 T C 0.02 ADNP2--[PARD6G]

19 46785290 rs112087991 4.06 3 1026 .0005 .60 C T 0.05 IGFL1--[ ]--HIF3A

20 35329303 rs62206150 6.36 3 1026 .01 .35 G A 0.02 SLA2--[NDRG3]--DSN1

21 31449079 rs117181045 4.86 3 1026 .03 .98 G T 0.01 GRIK1---[ ]--CLDN17

The 492,162 included SNPs were selected according to the following criteria: MAF .0.01 and missing rate ,0.1; subsequently, linkage
disequilibrium pruning with an r2 value of 0.7 was implemented. The gene context column lists the SNP location within brackets. Most closely
located genetic variants 500 kb upstream or downstream for the index SNP are listed as well with any genes prioritized over long intergenic
noncoding RNA, pseudogenes, etc. Distance from the index to other listed variants is denoted by dashes: no dash indicates ,1 kb, one dash
indicates ,10 kb, two dashes indicates ,100 kb, and three dashes ,500 kb.

MAF, minor allele frequency; SLE, stressful life event; SNP, single nucleotide polymorphism.
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Figure 2. Manhattan plot of genome-wide by environment interaction
analyses based on 18,532 patients with major depression and 20,184
population-based control subjects. The figure presents results of a GWEIS
conducted in two stages. In stage 1, a GWEIS was conducted using 496,162
SNPs distributed across the genome. In stage 2, all SNPs located 500 kb
up- or downstream from 60 SNPs with p values ,1025 in stage 1 were
added to the analyses. The Manhattan plot shows results from both stages.
GWEIS, genome-wide by environment interaction study; SNP, single
nucleotide polymorphism.
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Analysis of Top SNPs in UK Biobank

None of the three top SNPs were statistically significant in the
replication attempt using UK Biobank data (rs56076205, p =
.87; rs3784187, p = .93; rs340315, p = .71). The most
A B

Figure 3. Interaction effects for stressful life events and top SNPs from 3 genom
by number of stressful life events. Vertical bars represent 95% CI. Hazards we
mozygotes as reference. Wald statistics were used to test interactions, comparin
number of observations are due to differences in the number of persons successfu
life events variable, study participants could contribute person-time for different
exceeds the total number of participants in the study. HR, hazard ratio; SNP, sin
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significant interactions involved the following SNPs:
rs190869692 (p = 3.2 3 10-5) in the ABCC1 gene 38,653 bp
upstream from the iPSYCH2012 hit in the same gene (r2 =
0.002, p = .58); rs111284027 (p = 9.4 3 1025) in the ARHGAP5
gene 259,273 bp downstream from our hit in the AKAP6 gene
(r2 = 0.003, p = .44); rs146472082 (p = 5.1 3 1025) in the
RARRES1 gene 155,569 bp downstream from our hit near the
MFSD1 gene (r2 = 0.053, p = .0011) (see Figure S1). Thus, all
three SNPs identified in the replication analyses represented
independent loci from the three genome-wide–significant loci
identified in the iPSYCH2012 GWEIS.
DISCUSSION

In this study, we report results from the first comprehensive,
population-based GWEIS investigating the interaction between
individual SNPs and a time-varying measure of SLEs as risk
factors for a diagnosis of depression treated in inpatient,
outpatient, or emergency room settings. The GWEIS yielded
genome-wide–significant effects in three independent loci
located in the ABCC1, AKAP6, and MSFD1 genes, as well as
50 hits in which p , 1 3 1025. We attempted to replicate our
top hits in a large sample of depression cases and controls
from the UK Biobank; however, none of the hits were signifi-
cant in the replication sample. This suggests that the original
hits were false positives. However, there are notable differ-
ences between iPSYCH2012 and UK Biobank in terms of
sampling, measurement, and design. The fact that different
statistical methods were used (survival analysis vs. logistic
regression) could also have contributed. However, it is not
straightforward to isolate the impact of the statistical method
alone, because conducting a logistic regression in our own
sample would require us to make substantial changes to the
design and sample composition. Thus, it would be difficult to
C

e-wide–significant loci. Note. For each SNP, the HR for depression is plotted
re compared within each level of stressful life events with major allele ho-
g linear trends for HR between genotypes. The small differences in the total
lly genotyped for each SNP. Owing to the time-varying nature of the stressful
numbers of stressful life events. Therefore, the total number of observations
gle nucleotide polymorphism.
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Figure 4. Region plots for three top hits from a genome-wide by envi-
ronment interaction study based on 18,532 patients with major depression
and 20,184 population-based control subjects. The color of the dots in-
dicates the linkage disequilibrium (r2) of SNPs with the top SNP of each loci.
The r2 was based on the 1000 Genomes Project November 2014 European
population. SNP, single nucleotide polymorphism.
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tell if any difference in the results was due to the different
statistical method or to the different design. Ultimately, it re-
mains a possibility that one or more of these hits might
Biological Psychiatry: Global O
replicate in a sample in which the measurement, design, and
analysis are more comparable; however, unless such evidence
becomes available, these hits should not be considered
robust.

To our knowledge, this is the largest single-sample GWEIS
conducted to date examining the interaction between individ-
ual variants and SLEs. Nevertheless, the presented analyses
are still likely underpowered to detect most single-SNP gene-
environment interactions (68). For years, GWASs were similarly
underpowered to detect significant SNPs, until the develop-
ment of large-scale international consortia allowed for the
accumulation of enough samples to pass the inflection point
for consistent findings (69). In comparison, the study of gene-
environment interaction in psychiatric disorders has only
begun to enter into its big data phase. The requirement for
assessment of a complex, composite environment exposure in
the large study populations necessary for studying interactions
makes these studies challenging endeavors. Extrapolating
from the history of GWASs in psychiatry, we believe that the
inflection point for studies of gene-environment interaction will
only be reached through international collaborations that
combine studies with information on genetic variation and
environment exposures.

Methodological Considerations

The following are additional methodological aspects of the
study that should kept in mind when interpreting these results.
First, the oldest depression cases in the iPSYCH2012 sample
were diagnosed by 30 years of age. As such, they represent a
cohort of early-onset depression cases, and therefore these
results may not generalize to individuals who develop
depression at older ages. Second, the depression cases in
iPSYCH are all identified in hospital-based settings; therefore,
these results may not generalize to individuals with untreated
depression or individuals treated solely by their primary care
doctors, who make up the majority of depression cases in
Denmark (70). Third, although some of the SLEs included in
this study are measured with high accuracy (e.g., death of a
relative), others, particularly child maltreatment, are measured
less accurately because they are based solely on register data.
It is sadly very likely that some individuals in the sample
experienced child maltreatment that was never recorded in the
register, although the opposite (that individuals registered as
having experienced child maltreatment did not experience it) is
unlikely to be true. Fourth, we included a diverse range of
stressful events in our study. Consequently, it is possible that
some observed interactions relate to very specific types of
SLEs. For example, it is plausible that risk for depression in
relation to somatic disease is associated with the seriousness
of the course of disease. Therefore, genetic variants associ-
ated with prognosis and/or treatment response could emerge
as part of gene-environment interaction in the present study,
e.g., ABCC1 has a range of anticancer and anti-HIV drugs as
substrates, thus rendering somatic treatment less effective,
thereby possibly increasing risk for depression.

Conclusions

In this population-based cohort of European ancestry, we
identified three novel genetic loci that interacted with a time-
pen Science October 2022; 2:400–410 www.sobp.org/GOS 407
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varying measure of SLEs to predict hospital-treated depres-
sion at a genome-wide–significant level. However, none of
these hits replicated in a large sample of depression cases and
controls from the UK Biobank. Future gene-by-stress research
in depression should focus on efforts to establish large
collaborative GWEISs to generate sufficient statistical power to
identify significant variants.
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