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Objective: The extent to which major depression is the out-
come of a single biological mechanism or represents a final
common pathway of multiple disease processes remains
uncertain. Genetic approaches can potentially identify eti-
ologic heterogeneity in major depression by classifying pa-
tients onthe basis of their experience of major adverse events.

Method: Data are from the China, Oxford, and VCU Exper-
imental Research on Genetic Epidemiology (CONVERGE)
project, a study of Han Chinese women with recurrent ma-
jor depression aimed at identifying genetic risk factors for
major depression in a rigorously ascertained cohort care-
fully assessed for key environmental risk factors (N=9,599).
To detect etiologic heterogeneity, genome-wide association
studies, heritability analyses, and gene-by-environment in-
teraction analyses were performed.

Results: Genome-wide association studies stratified by ex-
posure to adversity revealed three novel loci associated with

The heterogeneity of major depression, demonstrated by
variable symptom presentation, course of illness, and treat-
ment response, has hindered our understanding of its etiology
(1, 2). To counter the problem of heterogeneity, researchers
have attempted to study homogeneous subtypes (e.g., atypical
depression, early age at onset) (3, 4). Indeed, the decades-long
debate about the number of distinct depressive subtypes
remains unresolved (1). Of particular interest is that a large
literature suggests that major depression can be usefully divided
into a stress-responsive subtype (e.g., reactive depression) and
a subtype with no apparent environmental precipitants (e.g.,
endogenous) (5-9).

In this study, we examined whether genetic approaches
can identify etiologically heterogeneous depressive subtypes.
We explored whether the two main classes of known causal
factors for major depression, genes and environment, rep-
resent partially distinct pathways to major depression. Genetic

major depression only in study participants with no history
of adversity. Significant gene-by-environment interactions
were seen between adversity and genotype at all three loci,
and 13.2% of major depression liability can be attributed to
genome-wide interaction with adversity exposure. The ge-
netic risk in major depression for participants who reported
major adverse life events (27%) was partially shared with that
in participants who did not (73%; genetic correlation=+0.64).
Together with results from simulation studies, these findings
suggest etiologic heterogeneity within major depression as
a function of environmental exposures.

Conclusions: The genetic contributions to major depression
may differ between women with and those without major
adverse life events. These results have implications for the
molecular dissection of major depression and other complex
psychiatric and biomedical diseases.
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effects on major depression are well established from twin
studies (10) and genome-wide association data (11-13). Mo-
lecular genetic analysis reveals that major depression, like
other complex diseases, has a polygenic architecture with
multiple loci of small effect (14, 15).

Adversity exposure increases risk for major depression
(16) with a dose-response relationship between severity of
stressors and disease risk (17-19). Results of co-twin control
studies suggest that this association is largely causal (18, 20).
However, adversity is neither necessary nor sufficient to
produce major depression, and it has been difficult to identify
clinical features distinguishing cases of major depression
with and without environmental precipitants (21-23).

Genetic risk factors for major depression not only alter
average risk but also influence sensitivity to depressogenic
effects of environmental adversities, particularly childhood
maltreatment and adult life events (24-26). For example,
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exposure to severe stressful life events increases risk for
major depression more strongly in those with high genetic
liability compared with those with low genetic liability (27).
Despite strong effects of environmental exposures on major
depression risk, there have been limited efforts incorporating
these factors into large-scale molecular genetic studies. Fur-
thermore, the major depression-associated genetic loci iden-
tified to date account for only a small portion of the variance
in disease liability (12-14), underscoring the importance of
continued research on detecting heterogeneity as a mechanism
for identifying etiologically relevant determinants.
Therefore, we investigated whether genetic approaches
can demonstrate etiologic heterogeneity among major de-
pression cases by classifying individuals on the basis of adversity
exposure. Using data from the China, Oxford, and VCU Ex-
perimental Research on Genetic Epidemiology (CONVERGE)
project (13), a study of Han Chinese women with recurrent
major depression (N=9,599) aimed at identifying genetic risk
factors in a rigorously ascertained cohort assessed for key en-
vironmental risk factors, we explored whether major depression
with and without major environmental adversities may rep-
resent, from a genetic perspective, partially distinct subtypes.

METHOD

Sample Collection

Patients with recurrent major depression (case subjects)
were recruited from 58 provincial mental health centers and
psychiatric departments of medical hospitals in 45 cities and
23 provinces of China. Control subjects were recruited from
multiple locations, including general hospitals and local com-
munity centers; all were screened and did not meet criteria
for major depression, schizophrenia, or bipolar illness. Study
participants were Han Chinese women with four Han
grandparents. Case subjects were ages 30-60 and had at least
two episodes of major depression meeting DSM-IV criteria,
with the first episode between ages 14 and 50. The study was
approved by the ethical review boards of Oxford University and
participating hospitals. All participants provided written in-
formed consent. Details on sample collection, phenotypes, and
sequencing have been reported elsewhere (13, 14, 28).

Measures of Adversity

Abinary measure of adversity was derived from self-reported
stressful life events and childhood sexual abuse (see the
Methods section in the data supplement that accompanies
the online edition of this article). The stressful life events
questionnaire, which was adapted from a previous study (29),
assessed 16 traumatic events and the respondent’s age when
they occurred (see Table S1 in the online data supplement).
Stressful life events for case subjects were included only if
they preceded depression onset. The childhood sexual abuse
questionnaire was a shortened version of a scale (30) that queried
whether, before age 16, any older person involved the respondent
in unwanted sexual incidents, including sexual invitation, fon-
dling, and intercourse. Participants were included in this study if
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they had non-missing data on stressful life events and childhood
sexual abuse questionnaires and were considered “adversity-
exposed” if they endorsed any childhood sexual abuse or had
high aggregate stressful life event scores (3 standard deviations
above the mean). Since life events vary in severity, our score was
constructed by weighting each event by its estimated effect size
on major depression and summing across events. We note that
this approach may cause biases in inference in general, but that
is unlikely here (see the Methods section in the data supple-
ment). We thereby grouped subjects into adversity-exposed and
unexposed subgroups.

Genome-Wide Association

Genome-wide associations between 4,313,801 imputed au-
tosomal single-nucleotide polymorphisms (SNPs) with minor
allele frequency (MAF) >5%, imputation information >0.95,
p value for violation of Hardy-Weinberg equilibrium >10"°,
and major depression was performed in the whole cohort, in
those unexposed to adversity (the unexposed group), and in
those exposed to adversity (the exposed group) using linear
mixed modeling (BOLT-LMM, version 2.2) (31). To calibrate
the BOLT-LMM statistic, we calculated linkage disequilibrium
(LD) scores of each SNP using LD Score Regression, version
1.0.0 (32). The kinship matrix used was constructed from
413,669 LD pruned SNPs (LD <0.8). PLINK, version 1.9 (33,
34) was used for logistic regression to obtain odds ratios for
top variants identified from BOLT. SNPs with p values smaller
than 5X10~® were selected for gene-by-environment (G XE)
interaction tests. Regional association plots were constructed
using LocusZoom, version 0.4.8 (35).

Polygenic Risk Scores

Polygenic risk scores for CONVERGE have previously been
constructed by two methods (14, 36). First, using a random
independent 50-50 split (sample 1, sample 2) we estimated
sample 1 SNP effects using the best linear unbiased predic-
tion method implemented in GCTA (Genome-Wide Complex
Trait Analysis) and tested polygenic risk scores constructed
using the profile option in PLINK using SNP best linear un-
biased prediction solutions as weights in sample 2 and vice versa
(CONVERGE-trained polygenic risk score) (14). Second, using
summary statistics from the Psychiatric Genomics Consortium
meta-analysis of European studies of major depression, re-
current depression polygenic risk scores were constructed from
SNP weights based on a p value threshold of 0.2 (36).

Interaction Test

Gene-by-environment interaction effects were tested at loci
identified from genome-wide association studies (GWAS).
Interaction was tested on both the multiplicative (logistic
regression) and additive scales (blm package in R) (37-39),
including 10 principal components as covariates to control
for population stratification.

Random-Effect Meta-Analysis
Heterogeneity of SNP effects on depression in the adversity-

exposed and unexposed groups was tested using random-effect
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models that identify both main and heterogeneity effects and
Cochran’s Q test, all implemented in METASOFT, version 2.0.1
(40, 41).

Heritability Estimation

SNP-based heritability (hZSNP) was estimated using GCTA,
version 1.26.0 (42) with a genetic relatedness matrix (GRM)
constructed from 413,669 LD pruned SNPs and 10 principal
components used as covariates in the full cohort, the adversity-
exposed group, and the unexposed group. Using the bivariate
option (43), the genetic correlation (p) was estimated for major
depression between the adversity-exposed and unexposed
groups, for adversity between the major depression group and
the control group, and between the major depression group and
the adversity group. GCTA was used to estimate the proportion
of variance in major depression due to aggregate additive GXE
interaction between adversity and all GRM SNPs. Details for
ascertainment adjustment (K) and alternative h’, esti-
mation using LDAK (44) and PCGC (45) are provided in the
Methods section in the online data supplement.

Simulations of Etiologic Heterogeneity
We used simulations to mirror genetic approaches to discern
features of heterogeneity and to demonstrate that stratifi-
cation of samples by adversity is an appropriate means for
uncovering heterogeneous genetic effects (see the Methods
section in the data supplement). Three scenarios were applied:
in scenario A, SNP effect and adversity exposure contribute
additively to liability (no etiologic heterogeneity); in sce-
nario B, SNP effect is only present in the adversity unexposed
(reflecting etiologic heterogeneity); and in scenario C, h2SNP
was estimated under the presence and absence of etiologic
heterogeneity by replacing the single causal SNP with poly-
genic contributions.

For each simulation, SNP effects were tested under four
logistic regression models:

Model 1: ignoring effects of adversity

Model 2: controlling for effects of adversity by incorporat-
ing it as a covariate

Model 3: including an interaction between SNP and adversity

Model 4: analyzing adversity-exposed and unexposed
groups separately

For scenarios A and B, we simulated 1,000 independent rep-
licates of a SNP effect (matching SNPs associated in the
unexposed group) on a disease with a prevalence of 5% in a
cohort with adversity exposure, prevalence, and sample
sizes matching those of the CONVERGE cohort. For sce-
nario C, the single causal SNP was replaced with polygenic
contributions from 10,000 simulated independent SNPs.

RESULTS

Association Between Adversity and Major Depression
Adversity was significantly associated with major depres-
sion, confirming previous analyses (46, 47). Individuals in
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the depression group experienced significantly more life
events than did those in the control group (p=2.66X10" %)
(see Figure S1 and Table S1 in the online data supplement).
Childhood sexual abuse was significantly associated with
major depression (10.3% case subjects compared with 2.5%
control subjects; odds ratio=2.98, p:2.6><10_19), with ef-
fects increasing with greater abuse severity (see Figure S2 in
the data supplement). Together, stressful life events and
childhood sexual abuse accounted for 11.6% of the pheno-
typic variance in major depression. Twenty-seven percent of
the sample (1,646 case subjects, 982 control subjects) was
adversity exposed, and 73% (3,139 case subjects, 3,832 control
subjects) was not. Table S2 in the data supplement lists rates
of key clinical features by adversity exposure. Adversity-
exposed individuals endorsed higher levels of neuroticism
and younger age at onset and were more likely to have comorbid
dysthymia and anxiety disorders.

Genome-Wide Association of Major Depression in
Groups With and Without Adversity

Figure 1 shows Manhattan plots for the GWAS of major
depression in CONVERGE participants for whom complete
information on adversity was available (N=9,599), those who
reported adversity (N=2,628), and those without adversity
(N=6,971). The genomic control factors (\) were 1.047,1, and
1.047, respectively; the adjusted measures to that of 1,000
cases and 1,000 controls (A\1ggg) were 1.01, 1, and 1.014, re-
spectively (see Figure S3 in the data supplement).

In the adversity-exposed subset (Figure 1B), no locus ex-
ceeded p<<5.0X10~ %, In the subset without adversity, nei-
ther of the two previously reported loci on chromosome 10
exceeded p<<5.0Xx10~ 8 (rs12415800, p=3.2X10~ %; rs35936514,
p=8.7x10""), likely because of reduced power, as odds ratios
were not significantly different from the full cohort odds ra-
tios (see Figure S6 and Table S10 in the data supplement).
However, three novel loci were detected (Table 1, Figure 1C):
on chromosome 1 near LPGATI (lysophosphatidylglycerol
acyltransferase 1) (rs7526682, chrl:211973950, MAF=13.3%,
p:3.0><1078, odds ratio=1.31) (Figure 2A); on chromosome 1in
CIORF95 (1511577545, chrl:226799083, MAF=21.5%, p=3.1X10"%,
odds ratio=1.25) (Figure 2B); and on chromosome 8 at the 3’ end
of SLC25A37 (Mitoferrin-1) (rs950893, chr8:23450510, MAF=
28.0%, p=6.9X10"°, odds ratio=0.79) (Figure 2C).

Comparison of these newly identified loci with the Psy-
chiatric Genomics Consortium mega-analysis of European
studies (11) revealed an association between rs950893 on
chromosome 8 and major depression (p=0.009), in the same
direction as observed in CONVERGE. In contrast, the chro-
mosome 1 loci (rs7526682, rs11577545) were not associated in
the Psychiatric Genomics Consortium study (p=0.37, p=0.81),
although results were in the same direction (see Figure S4 in
the data supplement).

We performed four further analyses on the three newly
identified SNPs in the unexposed group. First, to determine
whether the results were due to stochastic effects, we ran-
domly removed samples equal in size to the adversity-exposed
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FIGURE 1. Manhattan Plots of Loci Associated With Major Depression®
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@The figure shows Manhattan plots of major depression for all subjects for whom information on exposure to adversity was available (panel A), major
depression in a subgroup reporting exposure to adversity (panel B), and major depression in a subgroup reporting no exposure to adversity (panel C). In
each plot, the —logyg p values of imputed SNPs associated with major depression by leave-one-chromosome-out linear mixed model association in
BOLT-LMM are shown on the y-axis. The horizontal axis indicates position on each chromosome, and chromosomes are numbered below the axis.

group 10,000 times and obtained empirical distributions of
odds ratios at these SNPs for major depression (see the
Methods section in the data supplement). Our results were
unlikely to have arisen by chance, as all SNPs showed sig-
nificant deviation in odds ratio from the full cohort (rs7526682,
99.9th percentile of the empirical distribution of odds ratios;
rsl1577545, 100th percentile; rs950893, 0.2th percentile)
(see Figure S5 in the data supplement). In comparison, the
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two previously reported SNPs on chromosome 10 (rs12415800,
rs35936514) were not significant (see Figure S6 in the data
supplement).

Second, we tested for statistical interaction between ad-
versity and the minor allele at each locus and compared
findings to results including adversity as a covariate. For the
two previously reported SNPs (rs12415800, rs35936514), the
interaction terms were not significant. The three newly
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TABLE 1. Top SNP Associations With Major Depression in the Full Cohort of Women With Depression and the Subgroups Exposed or

Unexposed to Adversity?

Chromosome, rs ID, Position, and Major/Minor Alleles

Chrl, rs7526682,
211973950, C/G

Model and Measure

Chrl, rs11577545,
226799083, C/T

Chr8, rs950893,
23450510, A/G

Chr10, rs12415800,
69624180, G/A

Chr10, rs35936514,
126244970, C/T

Linear mixed model

(BOLT-LMM)
Full cohort
MAF 0.13 0.22 0.28 0.46 0.26
P 41x107° 3.2x107° 1.9x107° 51x1077 1.8x107°
Z score 410 416 -4.76 5.02 -4.78
No adversity
MAF 0.13 0.21 0.28 0.46 0.26
p 3.0x10 8 3.1x10° 8 6.9x10° 3.2x107° 8.7x107>
Z score 554 554 -579 4.66 -3.93
Adversity
MAF 0.13 0.23 0.27 0.45 0.27
o 3.8x107t 9.4x1072 8.2x1072 6.0x1072 2.50x1073
Z score -0.89 -1.67 0.82 1.88 -3.03
Logistic regression
(PLINK)
Full cohort
P 3.7x107° 9.0x107°> 6.9x1077 9.6x1077 1.5%x107°
Odds ratio 119 115 0.85 1.15 0.85
cl 1.10-1.30 1.07-1.23 0.80-0.91 1.09-1.22 0.80-0.91
No adversity
p 4.6x10°8 8.0x10°8 2.1x10°° 2.9%x107° 8.8x107°>
Odds ratio 1.31 1.25 0.79 117 0.86
cl 1.19-1.45 115-1.36 0.74-0.86 1.10-1.26 0.80-0.93
Adversity
P 3.7x107t 9.7x1072 46x1071 51x1072 2.0x1073
Odds ratio 0.93 0.90 1.05 112 0.82
cl 0.78-1.10 0.79-1.02 0.92-1.19 1.00-1.25 0.72-0.93

@ The table reports the test statistics at the SNPs associated with major depression in the full cohort, in the subgroup unexposed to adversity, and in the adversity-
exposed group; the minor allele at each SNP is the tested allele. Results from leave-one-chromosome-out linear mixed model association testing in BOLT-LMM
and logistic regression with 10 principal components as covariates in PLINK are shown. SNPs showing genome-wide significant associations are shown in boldface.
Two SNPs (rs12415800 and rs35936514) showing genome-wide significant association with major depression in our previous analysis of allsamples in CONVERGE
(including those without the self-reported adversity measure) are included for comparison.

identified SNPs, however, all had significant multiplicative
and additive interaction terms (Table 2; see also Table S3 and
Figure S7 in the data supplement).

Third, we investigated differences in variant effects in the
adversity-exposed and unexposed groups using random-
effect meta-analysis. Table S4 in the data supplement shows
significant effect size heterogeneity at the three new loci
(Q-tests: rs7526682, p=3.13X10 " *; rs11577545, p=9.42X10 " %;
rs950893, p=1.82X10" %) and significant random-effect
tests for heterogeneity (p=1.02X10" 7, p=1.07X10~ 7, and
p=2.34X10"8, respectively). This method detected sig-
nificant heterogeneity of SNP effects across the adversity
exposure groups for the three newly identified loci. Major
depression case-only and control-only association of adversity
also demonstrated effect size differences at these variants (see
Table S8 in the data supplement).

Fourth, we performed simulations to determine whether the
difference in the estimated SNP effects between the adversity-
exposed and unexposed groups implicates heterogeneity.
The average logistic regression results for scenario A (no
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heterogeneity) are displayed in the left panel of Table 3. Three
results are noteworthy. First, in model 4 (analyzing adversity
groups separately), the pvalues are orders of magnitude less
significant than in model 1 (adversity ignored) and model
2 (adversity as covariate). Second, as no heterogeneity is
simulated, the p value difference between the two groups in
model 4 must only reflect power differences, not heteroge-
neity. Crucially, this shows that disparate p values between
groups alone do not indicate heterogeneity. Third, the GXE
interaction test in model 3 is well calibrated and shows no
evidence of (false) inflation. These features of homogeneous
SNP effects are all evident for both loci on chromosome 10.
Next, we modified the baseline simulation by making the
SNP causal only in the adversity-unexposed group (scenario
B) and performed the same tests (Table 3, right panel). The
presence of heterogeneity induces three novel features: the
genetic effect sizes for each group estimated in model 4 are
now different; the unexposed group test in model 4 is more
powerful than the test in model 1 (ignoring adversity), despite
anattendantreduction in sample size; and the GXE interaction
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FIGURE 2. Genes at Three Loci Associated With Major Depression in the Subgroup Unexposed to Adversity®
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@ Loci are shown in panel A on chromosome 1, 212 Mb, over the gene encoding lysophosphatidylglycerol acyltransferase 1 (LPGAT1) (peak SNP=rs7526682), in
panel B on chromosome 1, 226 Mb, over the gene CIORF95 (peak SNP=rs11577545), and in panel C on chromosome 8 at 23.4 Mb, over the 3’ end of the
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by their marker names; linkage disequilibrium (hg19 1000 Genomes ASN panel November 2014) with the remaining SNPs is indicated by different colors.
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TABLE 2. Tests for Gene-by-Environment Interaction Between Adversity and Genetic Variants Associated With Major Depression?

Model 1: Interaction

Model 2: Covariate

R2

Test Odds Ratio 95% CI p Odds Ratio 95% CI P
Chrl: rs7526682_G 1.29 117-1.43 1.94x1077 0.0024 1.20 110-131 2.50x107°
Adversity 221 1.99-2.46 2.22x10748 0.0316 2.03 1.85-2.23 5.21x10751
Adversity:rs7526682 073 0.60-0.89 0.0016 0.0013 - — -
Chrl: rs11577545_T 1.28 117-1.39 1.48x10°8 0.0018 114 1.06-1.23 0.0003
Adversity 2.41 215-271 4.38x1074° 0.0311 2.02 1.84-2.22 3.11x107°°
Adversity:rs11577545 0.67 0.57-0.79 9.31x107 0.0032 — — —
Chr8: rs950893_G 0.80 0.74-0.86 5.05x107° 0.0029 0.86 0.81-0.92 3.28x107°
Adversity 174 1.54-1.97 6.47x107%° 0.0311 2.02 1.84-2.22 3.04x10730
Adversity:rs950893 131 113-1.52 0.0003 0.0018 — - —
Chri0: rs12415800_A 117 110-1.26 2.77%x107° 0.0035 116 110-1.23 2.87x1077
Adversity 210 1.81-2.45 2.76x10722 0.0315 2.03 1.85-2.23 1.00x107%9
Adversity:rs12415800 0.96 0.84-1.10 0.5630 <0.0001 — — —
Chri0: rs35936514_T 0.85 0.79-0.92 3.61x107° 0.0037 0.84 0.79-0.90 1.61x1077
Adversity 2.09 1.85-2.36 2.80x107%? 0.0315 2.03 1.85-2.23 7.43x107%L
Adversity:rs35936514 0.95 0.82-1.10 0.5010 <0.0001 - - -

@ The table reports odds ratios, 95% confidence intervals, and p values of the minor allele of each single-nucleotide polymorphism (SNP) association with major
depressionin the full cohortin logistic regression, with an interaction term between SNP and self-reported adversity (adversity:SNP) term included in model 1, and
without it in model 2. R? is the predictive value of each model term reported in terms of Nagelkerke's pseudo RZ. All analyses were performed using 10 principal
components as covariates; boldface indicates significant genetic effect (p<5.0><10’8) or gene-by-environment interaction (p<0.005).

test in model 3 is statistically significant. These simulation
results all distinguish the loci on chromosomes 1 and 8 from
those on chromosome 10.

The Genetic Basis for Major Depression in Adversity-
Exposed and Unexposed Groups May Differ

To determine the presence of heterogeneity on aggregate
genetic effects, estimates of the additive SNP contribution
(h%p) on the liability scale, after correction for sample as-
certainment, were compared between adversity-exposed
and unexposed depressive subgroups. Without etiologic het-
erogeneity, h2SNP in subgroups should be similar to that in the
entire sample. However, given genetic heterogeneity, h2SNP
may be larger in both subgroups than in the entire sample.

Although the h%np estimate of major depression in the
adversity unexposed group (h’;=38.0%, SE=4.8%, p=111X10'®)
was higher than in the exposed group (thNP:34.2%, SE=15.9%,
p=0.013) and the overall combined major depression sample

ZSNPZSO.S%, SE=3.7%, p<<1015), they were not statistically
different. Because differences in h2SNP estimation methods may
affect estimates and their interpretations (44, 45, 48, 49), we
accounted for LD in dense, imputed data using LDAK (44) and
assessed underestimation from restricted maximum likelihood
using PCGC. These results were consistent with results from
GCTA (see Table S5 in the data supplement).

Second, the proportions of variance in major depression
due to aggregate additive GXE interaction between adversity
and all GRM SNPs, CONVERGE-trained polygenic risk score,
and Psychiatric Genomics Consortium polygenic risk scores
were estimated. The interaction component for the GRM-by-
adversity term was significant (p=0.038), with the proportion of
variance attributable to additive genetic (hZSNP) and GXE in-
teraction components estimated at 23.3% (SE=5.8%) and 13.2%
(SE=7.4%), respectively. However, none of the polygenic risk
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score-by-adversity interactions were significant (see Table
S6 in the data supplement), perhaps because of limitations
of a polygenic risk score-based approach (see the Methods
section in the data supplement).

Third, the genetic correlation of major depression between
the adversity-exposed and unexposed groups was estimated at
+0.64 (SE=0.23). While less than unity, this is known so impre-
cisely that it is not significantly different from 1 (95% C1=0.19, 1.0).

Finally, we consider which models of genetic architecture
are consistent with observed trends. The resulting h2SNP
estimates from the overall cohort with and without adversity
exposure are shown in Figure S9 in the data supplement. The
two within-cohort heritabilities, along with genetic corre-
lation and G X E estimates, are shown in Figure S10 in the data
supplement. The results confirm our prior intuition: without
heterogeneity, within-group heritabilities coincide with the
overall average heritability, although the reduced sample
sizes induce larger variance in the within-group estimators;
however, as heterogeneity increases (or causal variant
sharing decreases) the overall heritability decreases while
the within-cohort heritabilities remain constant.

Exposure to Adversity May Have a Heterogeneous
Genetic Basis

One interpretation of our findings is that the presence of
adversity in one group attenuates the contribution of genetic
effects. However, self-reported environmental measures are
moderately heritable (reviewed in reference 50), and ~29% of
the variance in the number of stressful life events has been
attributed to SNPs (51). Here, the h2SNP of adversity was 18.2%
for the overall sample (SE=6.2%, p=0.001, K=0.215), 25.7%
for the depression group (SE=12.0%, p=0.013, K=0.344), and
44.2% for the control group (SE=14.7%, p=0.001, K=0.20).
The genetic correlation of adversity between the depression
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TABLE 3. Average Test Output From Four Types of Logistic Regression on 1,000 Simulated Data Sets®

wide SNP effects and adver-

Without Heterogeneity

With Heterogeneity sity; genetic correlation for

major depression between

Regression Model VA Odds Ratio p Odds Ratio P b ith and with
Model 1, g 5.36 118 8.22x1078 467 116 3.06x107° Subgroups With and without
Model 2, g 536 118 8.15x10°8 499 117 6.05x10-7  Aadversity exposure was +0.64;
Model 2, s 13.95 1.90 294x107%* 1114 1.68 777x10~2°  and although confidence in-
Model 3, g 4.64 1.19 3.34x107° 5.85 1.24 480x107° tervals overlapped, SNP-based
Model 3, s 10.2 192 1.93x107%% 1022 192 1.64x10%*  heritability estimates of major
Model 3, g:s -0.15 0.99 0.877 ~3.08 08 210x107%  gepression in the unexposed
Model 4, g, no adversity ~ 4.64 119 3.44x107° 5.85 1.24 480x107° hich N
Model 4, g, adversity 2.69 118 714x1073  —0.08 1.00 0.94 subgroup was higher (~39%)

@ Model 1 ignores adversity; model 2 controls for the additive effect of adversity; model 3 additionally incorporates an
interaction between genotype and adversity; and model 4 analyzes adversity-exposed and unexposed groups sepa-
rately. For each row, Z statistic, odds ratio, and p value are shown for SNP effect (g), adversity effect (s), or an interaction
effect (g:s). The three columns under "Without Heterogeneity” list results for simulations of no etiologic heterogeneity
between simulated phenotype in samples with and without adversity; the three columns under "With Heterogeneity” list

than in the overall sample
(30%). Furthermore, simula-
tions reflecting etiologic het-
erogeneity are consistent with
our results.

these data for simulations with heterogeneity. Data were simulated using a liability threshold model with realistic

ascertainment, effect sizes, and allele frequencies (see the Methods section in the online data supplement).

and control groups was +0.34 (SE=0.31) but was not statis-
tically significant.

Assessment of G-E Correlation

Since G-E correlation can bias G X E results, we tested for G-E
correlation by three methods. The estimated SNP-based ge-
netic correlation between major depression and self-reported
adversity was negligible, as p was —0.02 (SE=0.15) and not
significantly different from 0 (p=0.45). Additional tests of G-E
correlation examined association of major depression poly-
genic risk scores with adversity and were not significant (see
Table S7 in the data supplement). An exploratory test of G-E
correlation examined by genome-wide correlation of SNP
oddsratios for adversity between the depression and control
groups was also small (r=0.008) (see Table S9 and Figure S8
in the data supplement). These results do not support sig-
nificant systematic G-E correlation in our sample between
major depression and adversity exposure.

DISCUSSION

We applied molecular genetic methods to a large sample of
carefully characterized depressed women to evaluate etiologic
heterogeneity between those exposed and those unexposed to
severe environmental adversities. These efforts yielded three
major findings. First, classifying samples based on adversity
exposure identified genetic loci with heterogeneous effects.
We identified three novel loci on chromosomes 1 and 8 that
confer risk of major depression only among individuals un-
exposed to adversity. The newly discovered locus on chro-
mosome 8 is at the 3’ end of the SLC25A37 gene, which
encodes an iron carrier localized in the mitochondrial inner
membrane (52), adding further support for a mitochondrial
role in major depression (13, 14, 53). Second, we found evi-
dence for interaction between adversity and genotype at all
three loci. Third, we provide modest evidence for heteroge-
neity at the whole-genome level: 13.2% of the variance in major
depression liability arises from interaction between genome-
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These results have several
implications. First, they pro-
vide support for the long-
debated typology that major depression patients can be
meaningfully divided into those whose illness arises in re-
action to environmental stressors and those whose disorder
emerges “from within” (5-8). The genetic substrates of these
two forms of major depression appear to be correlated but not
identical, and some genetic factors may have subtype-specific
effects.

Second, these findings provide insight into how effects of
genes and environment combine to give rise to major depression.
Aleading hypothesis consistent with previous studies (24, 25, 27)
is that certain genes have a stronger impact on risk for major
depression in adversity-exposed than in unexposed individuals.
We unexpectedly found for three loci an opposite pattern in
which effects were stronger in cases without adversity exposure.
While the CONVERGE sample may contain loci with an in-
creased impact on adversity-exposed individuals, power to de-
tect these is low, as only 27% of our sample reported severe
adversity.

An appealing interpretation of our findings is that absent
environmental stressors, a higher genetic loading is required
to cause depression. This cannot, however, explain our
findings, as it would predict a graded response at the three
identified loci in exposed and unexposed individuals. Rather,
our results suggest at least two classes of molecular variants
that predispose to major depression: those whose effects are
present in all cases and those whose effects depend on the
history of adversity. In contrast to the three SNPs discovered
by stratifying on adversity, results for the two previously
reported SNPs on chromosome 10 (13) are consistent with a
liability threshold model. Major depression may be a syn-
drome arising from several partially distinct etiologies. The
design of CONVERGE enabled the combination of deep
phenotypes and genotypes to detect differences in the genetic
architecture of those with and without exposure to adversity.
Other subtypes may be detectable in a similar manner.

Our findings counter the dominant paradigm in psychi-
atric molecular genetics research that increasing sample size
should be the primary method for detecting more genetic loci
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(12). Here, the newly detected loci were discovered in a
sample size 30% smaller than the cohort that yielded the two
previously reported loci (13). These results support the value of
more detailed phenotyping, especially the assessment of envi-
ronmental adversities. To characterize major depression eti-
ology, future efforts may need careful assessment of both the
phenotype and environmental exposures in large samples.

Three limitations to the study should be noted. First, our
power to detect genetic variants with the expected small effect
sizes is limited (see Table S10 in the data supplement). Second,
we are unaware of Asian replication cohorts with genetic in-
formation and environmental adversities. Therefore, these re-
sults should be considered tentative, although their plausibility
is supported by simulations. Third, our assessments of age at
onset of depression and adversity exposure were retrospective.
Although interviewers encouraged effortful responding, we
cannot rule out recall biases. Despite these limitations, our
results highlight the value of empirically driven approaches to
addressing heterogeneity and provide a framework applicable to
other complex psychiatric diseases to identify putative subtypes
and etiologically relevant genetic variation.
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