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HE SUCCESSFUL STATISTICAL

identification and indepen-

dent replication of numerous

genetic markers in associa-
tion studies have confirmed the utility
of the genome-wide approach for the
detection of genetic markers for com-
plex disorders.!? However, recent ge-
nome-wide association studies have also
indicated that most common genetic
risks, at least when studied individu-
ally, are modest in magnitude, with rela-
tive risks in the range of 1.3 or less.?
This suggests that complex disorders
result from the combination of numer-
ous individual genetic and environ-
mental contributors, with the poten-
tial for interactions among them.
However, there is a lack of consensus
regarding whether gene X gene or
gene X environment interactions should
be examined at the stage of gene de-
tection or only after a gene effect has
been clearly identified and repli-
cated.’

2462 JAMA, June 17, 2009—Vol 301, No. 23 (Reprinted with Corrections)

Context Substantial resources are being devoted to identify candidate genes for com-
plex mental and behavioral disorders through inclusion of environmental exposures fol-
lowing the report of an interaction between the serotonin transporter linked polymor-
phic region (5-HTTLPR) and stressful life events on an increased risk of major depression.

Objective To conduct a meta-analysis of the interaction between the serotonin trans-
porter gene and stressful life events on depression using both published data and in-
dividual-level original data.

Data Sources Search of PubMed, EMBASE, and PsycINFO databases through March
2009 yielded 26 studies of which 14 met criteria for the meta-analysis.

Study Selection Criteria for studies for the meta-analyses included published data
on the association between 5-HTTLPR genotype (SS, SL, or LL), number of stressful
life events (0, 1, 2, =3) or equivalent, and a categorical measure of depression de-
fined by the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition)
or the International Statistical Classification of Diseases, 10th Revision (ICD-10) or
use of a cut point to define depression from standardized rating scales. To maximize
our ability to use a common framework for variable definition, we also requested origi-
nal data from all studies published prior to 2008 that met inclusion criteria. Of the 14
studies included in the meta-analysis, 10 were also included in a second sex-specific
meta-analysis of original individual-level data.

Data Extraction Logistic regression was used to estimate the effects of the number
of short alleles at 5-HTTLPR, the number of stressful life events, and their interaction
on depression. Odds ratios (ORs) and 95% confidence intervals (Cls) were calculated
separately for each study and then weighted averages of the individual estimates were
obtained using random-effects meta-analysis. Both sex-combined and sex-specific meta-
analyses were conducted. Of a total of 14250 participants, 1769 were classified as
having depression; 12481 as not having depression.

Results In the meta-analysis of published data, the number of stressful life events
was significantly associated with depression (OR, 1.41; 95% Cl,1.25-1.57). No asso-
ciation was found between 5-HTTLPR genotype and depression in any of the indi-
vidual studies nor in the weighted average (OR, 1.05; 95% Cl, 0.98-1.13) and no in-
teraction effect between genotype and stressful life events on depression was observed
(OR, 1.01;95% Cl, 0.94-1.10). Comparable results were found in the sex-specific meta-
analysis of individual-level data.

Conclusion This meta-analysis yielded no evidence that the serotonin transporter
genotype alone or in interaction with stressful life events is associated with an el-
evated risk of depression in men alone, women alone, or in both sexes combined.
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Despite progress in risk gene iden-
tification for several complex diseases,
few disorders have proven as resistant
to robust gene finding as psychiatric
illnesses. The slow rate of progress in
psychiatry and behavioral sciences
partly reflects a still-evolving classifi-
cation system, absence of valid patho-
gnomonic diagnostic markers, and
lack of well-defined etiologic path-
ways.? Although these disorders have
long been assumed to result from
some combination of genetic vulner-
ability and environmental exposure,
direct evidence from a specific
example has not been forthcoming.
Few if any of the genes identified in
candidate gene association studies of
psychiatric disorders have withstood
the test of replication®” and to date,
genome-wide association studies of
psychiatric disorders have also had
limited success. In terms of environ-
mental factors, however, stressful life
events have been well-established as a
risk factor for a range of mental disor-
ders, most commonly major depres-
sion.®? It is therefore appropriate to
consider gene identification studies in
the context of this environmental risk
factor and in particular the simulta-
neous consideration of both genetic
and environmental agents.

One prominent example has been the
study by Caspi and colleagues'® who
concluded that, in interaction with
stressful life events, genetic variation in
the promoter region of the serotonin
transporter gene (5-HTTLPR; [OMIM
182138]) plays a role in predisposi-
tion to major depression. In the con-
text of the introduction of serotonin-
specific reuptake inhibitors in treating
depression'' and the well-established
link between stressful life events and de-
pression,? this finding offered a plau-
sible biological link. This result was also
striking and potentially paradigm shift-
ing because numerous prior associa-
tion studies of the same polymor-
phism (but without examining
environmental risk factors or life
events) had not consistently shown
either a strong or replicated associa-
tion with depression.'>!?

©2009 American Medical Association. All rights reserved.
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]
Figure 1. Meta-analyses of Association Between 5-HTTLPR Genotype, Stressful Life Events,

and Depression

by literature search

26 Potentially eligible studies identified

'

14 Published prior to 2008 and original
data requested

3 Excluded
2 Data not sent or format
not consistent with
other studies
1 No permission for
independent analysis

11 Received data sufficient for
sex-combined meta-analysis

10 Received data sufficient for sex-specific
meta-analysis

'

12 Published during 2008-2009

9 Excluded (continuous
depression outcome or
participants selected
based on exposure)

3 Published data sufficient for sex-
combined meta-analysis

'

14 Included in sex-combined meta-analysis
10 Included in sex-specific meta-analysis

Because of the increasing interest in
incorporating environmental risk fac-
tors in gene discovery studies, the Na-
tional Institute of Mental Health con-
vened a workshop in 2006' to review the
status of research on gene-environment
interaction in mental and behavioral dis-
orders and to provide input on future di-
rections of this work. Because there was
alack of consensus on the status of rep-
lication of gene-environment interac-
tion studies, a comprehensive review and
meta-analysis of this research was pro-
posed. A subset of the workshop partici-
pants and a team of other experts in sta-
tistical genetics, epidemiology, and
behavior genetics followed up by con-
ducting a comprehensive review of the
literature and conceptualizing and imple-
menting the meta-analysis.

METHODS
Study Selection

A search of the PubMed, EMBASE, and
PsycINFO databases was conducted
through March 2009 using the search
terms life stress, life event, depression, de-
press, serotonin transporter, 5-HTTLPR,
interaction,and moderation. Bibliographies
of studies were also reviewed. A total of
26 articles published or set for publica-
tion were identified through this search

strategy (FIGURE 1). Inclusion criteria for
studies for the meta-analyses were pub-
lished articles thatincluded data on the
association between the (1) 5-HTTLPR
genotype (SS,SL, or LL), (2) number of
stressful life events (0, 1, 2, or =3) or
equivalent, and (3) categorical measure
of depression defined by the Diagnostic
and Statistical Manual of Mental Disor-
ders (Fourth Edition) or International Sta-
tistical Classification of Diseases, 10th Re-
vision (ICD-10) or ability to use a cut
point to define depression from stan-
dardized rating scales. To maximize our
ability to use a common framework for
variable definition, we also requested
original data from all studies that ap-
peared to meet inclusion criteria pub-
lished prior to 2008.1%15-28 We received
original data in a usable format for the
meta-analysis from 10 of the 14 study
investigators. A total of 14 studies were
included in the analysis,!>-20-2.2>-27.29-32
10 of which!>2023.2>:27:2930 were also in-
cluded in a second sex-specific meta-
analysis of original data. Nine other stud-
ies did not meet inclusion criteria.*>*!

Data Coding

To provide a uniform approach to
analysis consistent with the variable
definitions of the Caspi et al study, ' the
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variables of each of the studies were
coded as follows: major depression as
a dichotomous outcome when based on
diagnostic interviews, or standard cut
points or above the 85th percentile of
the scales’ score distribution when
based on dimensional measures; stress-
ful life events (or their equivalent) were
coded on an ordinal scale (0, 1, 2, =3);
and the 5-HTTLPR genotype was coded
as 0, 1, or 2 for the number of S alleles.
Sex, age, and twin status were also
coded. Our coding differs from that of
some of the original studies that used
a different coding strategy such as di-
chotomized high and low stress (eg,
Taylor et al*®) or multiple types of en-
vironmental stressors (eg, Eley et al'®)
rather than the ordinal scale of life
events that was included in most
studies.**

We report 2 meta-analyses. The first
includes a total of 14 250 participants
from studies published through March
2009 that included data on stressful life
events, 5-HTTLPR genotype, and de-
pression in a consistent manner. The
second meta-analysis includes sex-
specific data on a total of 10943 par-
ticipants based on the individual-level
data from the subset of the studies from
which it was available. Several studies
were not included in these meta-
analyses due to lack of sufficient data for
analysis or differential operationaliza-
tion of the key study variables, most
commonly, the use of a continuous out-
come measure for depression, which did
not allow for logistic regression as was
performed for the included studies.

Analytic Methods

We first examined the association
between the number of stressful life
events compared with none as the
explanatory variable with depression as
the response variable. For each num-
ber of stressful life events, we calcu-
lated an odds ratio (OR) and its 95%
confidence interval (CI). Second, we
investigated the associations between
stressful life events alone (entered as an
ordinal variable) and the number of S
alleles alone on depression as the
response variable. Third, we exam-
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ined the joint effect of number of stress-
ful life events and number of S alleles
on the risk of depression to test whether
there is an interaction in their influ-
ence on the risk of depression, as indi-
cated by a significant OR for their joint
effect on the response variable of depres-
sion. Fourth, to determine whether
gene-environment correlation exists, we
evaluated the association between the
proportion of S alleles (dependent vari-
able) and number of stressful life events
(independent variable) among those
without depression by logistic regres-
sion. As another test of gene-
environment interaction, we per-
formed the same regression as above in
those with depression instead of those
without depression and then calcu-
lated the difference (8) in B coeffi-
cients and the standard error of 8.
The analyses were conducted first for
sexes combined from the published data
of 14 studies and then for men and
women separately for each of the 10
studies with individual-level data. A ran-
dom-effects meta-analysis was used to
obtain weighted averages across stud-
ies. There was minimal change in the co-
efficients or their standard errors when
ethnicity and age were included in the
models, and we conservatively in-
cluded only 1 random member of each
twin pair from twin study data. The sta-
tistical models for the formal meta-
analysis included the actual number of
S alleles to approximate the dosage
model applied by Caspi et al,'® al-
though the findings were comparable for
arecessive model (SS vs SL plus LL) and
a dominant model (SS plus SL vs LL).
Logistic regression models were used
to test the associations between the ex-
planatory (number of S alleles; num-
ber of life events) and response vari-
ables (depression). Inclusion of the
interaction term tests for deviation from
alog-additive model of risk, and may be
significant even when terms for main ef-
fects are not. To test for heterogeneity
in all analyses, we performed x* tests of
heterogeneity, based on the derived re-
gression (3 coefficients and their stan-
dard errors, assuming them to be nor-
mally distributed. Because of potential

heterogeneity of the effects of explana-
tory variables across the individual stud-
ies, we used random-effects models to
estimate the average effect across stud-
ies. Inclusion of an ordinal variable in
logistic regression provides a statistical
test for trends in the effects of this vari-
able on a dichotomous outcome. We had
80% power to reject the null hypoth-
esis of no interaction between stressful
life events and 5-HTTLPR genotype in
favor of a positive interaction if the true
OR was 1.10 or greater. All statistical
analyses were conducted using SAS ver-
sion 9 (SAS Institute Inc, Cary, North
Carolina), Microsoft Excel 2007 (Mi-
crosoft, Redmond, Washington), and
Stata version SE 9 (StataCorp, College
Station, Texas).

RESULTS

TABLE 1 presents the characteristics of
the 14 studies that were included in the
meta-analyses. There were a total of
14 250 participants of whom 1769 were
classified as having depression, and
12481 did not have depression. Pub-
lished data were used from 4 studies and
original data were used from 10 stud-
ies. There was wide variation in the
demographic characteristics (eg, pro-
portion of women, age distribution) and
sample sizes, which ranged from 118 to
4175 participants. Most of the partici-
pants were white except for a multieth-
nic sample in one study* and an Asian
sample in another study.*® Genotype dis-
tributions were similar among white par-
ticipants; however, Asian individuals had
higher S allele frequency than white in-
dividuals. Nine of the studies used a
structured interview to assess either
DSM-1V or ICD-10 major depres-
sion, whereas the other 5
assessed depressive symptoms via self-
rated symptoms scales. 018202320 Siregs-
ful life events measures were assessed
consistently across most of the studies
using the Brugha List of Threatening Ex-
periences,™* whereas a few studies in-
cluded measures of somatic illness, un-
employment, and social stressors. The
final column of Table 1 describes
whether the findings replicated those of
Caspi et al.'°

©2009 American Medical Association. All rights reserved.
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]
Table 1. Characteristics of Studies Included in Meta Analyses of 5-HTTLPR Genotype, Stressful Life Events, and Depression

Genotype of
Participants,
Total No. of %2
Participants Age,Mean [ Siblings/  Life Events Depression
Source (No. Women) (Range),y LL LS SS Study Design Twins Measure Measure Findings
Caspi et al,'° 847 (407) 26 31 51 17 Prospective No Study- Major Interaction between
2003 cohort specific depression the number
(DSM-1V) of stressful life
events and the
number of
5-HTTLPR S
alleles on the
risk of
depression
Original data provided by investigators
Eley et al,'® 377 (220) 16 (12-19) 17 54 29 Cross- 22% List of Mood Rating Replication in female
2004 sectional Sibling Threat- Scale sex only
pairs ening
Events®
Gillespie 1091 (666) 39(19-78) 30 48 22 Cross- Twins List of Major Failed to replicate
etal,' sectional Threat- depression
2005 ening (DSM-1V)
EventsP
Grabe 976 (673) 52 (20-79) 37 47 16 Cross- No Study Somatic and Replication in female
etal,® sectional specific psycho- sex only
2005 logical
distress
scale
Surtees 4175 (1950) 60 (41-80) 33 49 18 Cross- No List of Major Failed to replicate
et al,® sectional Threat- depression
2006 ening (DSM-1V)
EventsP
Wilhelm 127 (85) 48 (44-52) 30 49 21 Prospective No List of Major Replication
etal,”’ cohort Threat- depression
2006 ening (DSM-1V)
EventsP
Taylor 118 (67) 21(18-29) 25 48 27 Cross- No Study- Beck Partial replication
etal,® sectional specific Depression (SS genotype only)
2006 Inventory
Chorbov 247 (247) 22 (13-23) 36 48 16 Prospective Twins Study- Major Failed to replicate
etal, cohort specific Depression (opposite direction)
(2007)'" (OSM-1V)
Middeldorp 1154 (785) 39 (26-65) 33 49 19 Prospective Twins Study- Anxiety- Failed to replicate
etal,?® cohort specific Depression
2008 Rating
Scale
Chipman 2095 (1089) 23(20-24) 33 46 21 Cross No List of Depression Failed to replicate
etal,® sectional Threat- rating scale
2007 ening
EventsP
Cervilla 737 (529) 49 (13-75) 26 50 24 Cross- No List of Major Replication
etal,™ sectional Threat- depression
2007 ening (ICD-10)
EventsP
Data from published articles
Kim et al,*® 732 (425) =65 13 34 53 Prospective No List of Clinical Replication
2007 cohort Threat- depression
ening
EventsP
Power 1421 (831) =65 24 47 29 Prospective No Study- Major Failed to replicate
etal® cohort specific depression
2008 (MINI)
Laucht 309 (167) 19 34 51 15 Cross- No Study- Major Failed to replicate
et al,*? sectional specific depression (opposite direction)
2009 (DSM-1V)

Abbreviations: DSM-IV, Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition); ICD-10, International Statistical Classification of Diseases, 10th Revision (ICD-10); SCID,
structured clinical interview for DSM-IV disorders.

aPgroentages may not sum to 100 due to rounding.

Plist of Threatening Events is based on Brugha.*2#*
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TABLE 2 presents the results of the
meta-analysis of the relationship
between depression and number of
stressful life events for each study for
both sexes combined (n=12520). Al-
though the estimates for the indi-
vidual studies were highly variable, the
results of the meta-analysis across
all studies reveals a direct association
between the number of life events and
depression (1 vs O stressful life event:
OR, 1.31; 95% CI, 0.98-1.75; 2 vs 0
stressful life events: OR, 1.95;95% CI,

1.33-2.87; and =3 vs 0, stressful life
events: OR, 3.21; 95% CI, 2.07-4.99).
Sex-specific estimates show a similar
pattern (eTable 1 available at http:
/lwww.jama.com).

FIGURE 2 presents the results of the
first logistic regression analyses for
sexes combined for 14 studies for the
effect of 5-HTTLPR genotype, the effect
of the number of stressful life events,
and the interaction between genotype
and number of life events on risk of
depression.

The analysis shows no significant al-
lele frequency difference between those
with and without depression in any of
the single studies or in the meta-
analysis of all studies combined (OR,
1.05; 95% CI, 0.98-1.13; Figure 2A).
Thus, the genotype alone did not pre-
dict depression.

Similar to the results of Table 2
for the specific number of life events,
the meta-analysis shows that the num-
ber of stressful life events was sig-
nificantly associated with depression

]
Table 2. Odds Ratios for Major Depression by Number of Stressful Life Events for Individual Studies and Meta-analysis?

No. of Stressful Life Events (vs 0)

Total No. of I ]
Study Participants 1 2 =3

Caspi et al, ' 2003 845 1.34 (0.75-2.37) 1.60 (0.88-2.89) 3.28 (1.97-5.45)
Eley et al,'® 2004 328 1.67 (0.98-2.85) 1.20 (0.62-2.31) 1.37 (0.68-2.76)
Gillespie et al,™ 2005 2253 1.50 (1.05-2.13) 1.35(0.75-2.43) 2.78 (1.57-4.94)
Grabe et al,?* 2005 999 3.85 (2.06-7.20) 7.44 (3.87-14.30) 11.27 (6.14-20.68)
Surtees et al, 25 2006 4060 1.87 (1.28-2.75) 4.30 (2.97-6.22) 7.87 (5.55-11.14)
Wilhelm et al,?” 2006 127 0.45 (0.16-1.24) 1.32 (0.52-3.39) 2.04 (0.71-5.84)
Taylor et al,?® 2006 110 0.51(0.15-1.78) 0.29 (0.05-1.53) 0.63 (0.18-2.21)
Chipman et al,'® 2007 1844 1.25(0.91-1.72) 1.37 (0.96-1.95) 2.53 (1.84-3.49)
Cervilla et al,'® 2007 735 0.71 (0.41-1.24) 1.91 (1.12-3.26) 2.97 (1.70-5.18)
Middeldorp et al,2° 2007 367 0.60 (0.29-1.21) 1.32 (0.61-2.85) 0.80 (0.22-2.89)
Chorbov et al,'” 2007 120 1.34 (0.51-3.52) 3.27 (1.05-10.19) 11.43 (2.14-61.01)
Kim et al,*® 2007 732 2.18 (1.13-4.23) 2.78 (1.40-5.52) 6.72 (3.08-14.66)
Alla 12520 1.31 (0.98-1.75) 1.95 (1.33-2.87) 3.21 (2.07-4.99)

2Sex-specific associations are presented in eTable 2. Data are odds ratios (95% confidence intervals).

Figure 2. Logistic Regression Analyses of Risk of Depression for 14 Studies

Risk per S allele Risk per stressful life event Interaction of genotype and
No. of stressful life events
Source Participants }
Caspi et al,10 2003 845 i - -
Eley et al,'8 2004 328 —m . .
Gillespie et al,’® 2005 2253 *wir —.r ‘+
Grabe et al,20 2005 999 —— - —a—
Surtees et al, 25 2006 4060 E 3 - -
Wilhelm et al,2” 2006 127
Taylor et al,26 2006 110 —— —
Chipman et al,'6 2007 1844 - u
Cenvilla et al, 5 2007 735 = - -
Chorbov et al,'” 2007 120 —— —_—
Middeldorp et al,2® 2007 367 - JE TS
Kim et al, %0 2007 732 — - . —-—
Power et al,3' 2008 1421 - — =
Laucht et al 32 2009 309 - ]
Overall 14250 & S 1S
0.2 1.0 5.0 0.2 1.0 5.0 0.2 1 ‘.O 5.0
OR (95% Cl) OR (95% CI) OR (95% Cl)

The boxes and lines indicate the odds ratios (ORs) and their 95% confidence intervals (Cls) on a log scale for each study. The size of the box indicates the relative

weight of each estimate.
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(OR, 1.40; 95% CI, 1.25-1.57;
Figure 2B). Finally, in the analysis of
interaction (Figure 2C), the ORs were
significant for the studies of Caspi et al'
and Wilhelm et al?” but were not sig-
nificant for any of the other replica-
tion studies. The aggregate estimate did
not yield a significant interaction (OR,
1.01; CI, 0.94- 1.10) indicating that
5-HTTLPR genotype did not interact
with stressful life events on the risk of
depression.

In the analysis by sex, no signifi-
cant allele frequency difference ex-
isted for either sex between those with
and without depression in any of the
single studies or in the meta-analysis of
all studies within either sex or for sexes
combined (female sex: OR, 1.07; 95%
CI,0.96-1.18; male sex: OR, 1.00; 95%
CI, 0.87-1.14, all participants: OR, 1.04;
95% CI, 0.96-1.13; FIGURE 3A). Thus,
the genotype alone did not predict de-
pression.

However, the number of stressful life
events was significantly associated with

depression in both sexes in 4 stud-
ies,'>102025 and in 2 studies of females
(Figure 3B).'"!"” The meta-analysis
showed a significant association for fe-
males alone (OR, 1.39; 95% CI, 1.23-
1.58), males alone (OR, 1.43;95% ClI,
1.16-1.75), and for all participants (OR,
1.41;95% CI, 1.27-1.57). Assuming a
normal distribution for the B coeffi-
cient (log of the OR), this estimate is
statistically significant, with a z score
of 6.35 and a P value of <.001.
Finally, in the analysis of the inter-
action between genotype and number
of life events on risk of depression, the
regression coefficient was not signifi-
cant for females in any of the studies
and was nominally significant for males
in 2 of the 10 studies.'®?” The meta-
analysis showed no interaction effect for
either females (OR, 0.95;95% CI, 0.86-
1.04), males (OR, 1.02; 95% CI, 0.86-
1.20), or both sexes combined (OR,
0.98; 95% CI, 0.90-1.07). Thus, there
was no evidence that the serotonin
transporter genotype alone or in inter-

INTERACTION BETWEEN 5-HTTLPR, STRESSFUL LIFE EVENTS, AND DEPRESSION

action with stressful life events is as-
sociated with an elevated risk of de-
pression in males alone, females alone,
or both sexes combined. The only sig-
nificant finding across studies was the
potent association of stressful life events
with the risk of depression.

When examining the studies for the
possibility of heterogeneity of effect—
consistent with Figure 2, eTable 2, and
eTable 3 available at http://www.jama
.com)—we found no evidence of
heterogeneity for the genotype alone
(P=.68); however, we did find a sig-
nificant degree of heterogeneity for life
events alone (P<.001). Heteroge-
neity of the interaction was also not sig-
nificant (P>.05), and none of the in-
dividual interaction coefficients was
significantly deviant from the overall av-
erage.

eTable 2 and eTable 3 show the
results of another series of meta-
analyses that test gene-environment
correlation, gene-environment inter-
action, and whether stratification of

Figure 3. Logistic Regression Analyses of Depression for 10 Studies Stratified by Sex

No. of Risk per S allele Risk per stressful life event Interaction of genotype and
Source Participants stressful life events
Female sex , ;

Eley et al,'8 2004 192 . —— —m-

Gillespie et al,'® 2005 1458 - - -

Grabe et al,?0 2005 691 ﬁF - '*]

Surtees et al, 25 2006 1881 - - l

Wilhelm et al,2” 2006 85 ——— e E—

Taylor et al,26 2006 62 — —

Chipman et al,'® 2007 981 - b ]

Cenvilla et al,'5 2007 507 - s |

Chorbov et al,'” 2007 120 — — - =

Middeldorp et al,2% 2007 239 e I

Male sex

Eley et al,8 2004 136 — ——

Gillespie et al,'® 2005 795 —H— B 4.*

Grabe et al, 20 2005 308 —a —— 4%

Surtees et al,25 2006 2179 —- - l

Wilhelm et al,2” 2006 42 —

Taylor et al,26 2006 48 E— -

Chipman et al,'6 2007 863 - - |

Cenvilla et al, ' 2007 208 — e —

Middeldorp et al,29 2007 128 — T

Overall 10943 & <> <

0.2 1ﬁ0 5.0 0.2 1.0 5.0 0.2 1 ‘.O 5.0
OR (95% Cl) OR (95% Cl) OR (95% Cl)

The boxes and lines indicate the odds ratios (ORs) and their 95% confidence intervals (Cls) on a log scale for each study. The size of the box indicates the relative

weight of each estimate.
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those with and without depression by
the environmental risk factor (stress-
ful life events) would enhance the
power to detect an association be-
tween the SHTTLPR genotype and de-
pression. We divided the samples of
those with and without depression into
strata defined by the number of stress-
ful life events and examined the differ-
ence in the frequency of the S alleles
between those with and without de-
pression within each stressful life events
stratum. eTable 3 presents these fre-
quencies further stratified by sex.

We first examined the association be-
tween allele frequency and number of
stressful life events within those with-
out depression, our proxy for testing for
gene-environment correlation in the
population. No significant relation-
ship was found between genotype and
number of life events among those with-
out depression for both sexes com-
bined (eTable 2) or for males or fe-
males alone (eTable 3) in most of the
individual studies, or in the meta-
analysis (3, -0.003; SE, 0.014). Like-
wise, there was no association be-
tween stressful life events and allele
frequency within those with depres-
sion either in the individual studies, ex-
cept for the studies of Caspi et al*® (posi-
tive regression) and Cervilla et al*®
(negative regression), or in the meta-
analysis (3, -0.004 ; SE, 0.034). How-
ever, the meta-analysis yielded no sig-
nificant differences in the B coefficients
between those with and without de-
pression across studies (3, -0.001; SE,
0.047) and sexes, indicating a lack of
gene environment interaction.

In the test of whether stratification
by exposure to life events would en-
hance power to detect an association be-
tween depression status and geno-
type, we found no relationship between
number of stressful life events (the ex-
posure level) and allele frequency dif-
ference between those with and with-
out depression as indicated by the &
coefficient. Similar findings occurred
for females alone and males alone
(eTable 3).

In fact, the largest allele frequency
difference occurred at 1 life event (3,
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0.045; SE, 0.020), which was of nomi-
nal significance, but none of the differ-
ences in any of the strata was statisti-
cally significant after adjusting for
multiple testing. Furthermore, the find-
ings of an increase in the S frequency
at 1 life event is clearly at odds with the
original findings of Caspi et al'®
(eTable 2), for which the allele fre-
quency difference is in the opposite di-
rection (9, -0.091; SE, 0.069). There-
fore, in this case, stratifying the allele
frequency test based on the environ-
mental exposure did not provide addi-
tional support for a genetic associa-
tion.

All of the above analyses involving
a dosage model or allele frequencies
were repeated for genotypes, for which
either the SS genotype was compared
with the SL plus LL genotypes (reces-
sive model) or the SS plus SL geno-
types were compared with the LL geno-
type (dominant model). None of these
analyses provided evidence different
from that presented above based on the
original models.

COMMENT

The results of this meta-analysis clearly
demonstrate that stressful life events
have a potent relationship with the risk
of depression, an association that has
been one of the most widely studied en-
vironmental factors for a range of men-
tal disorders.®* Addition of the sero-
tonin transporter genotype did not
improve the prediction of risk of de-
pression beyond that associated with
exposure to negative life events. Prior
studies®* have also raised concerns
about validity of the claims of replica-
tion of the significant interactive influ-
ence of stressful life events on the as-
sociation between 5-HTTLPR genotype
and depression,*” and a recent meta-
analysis using a different approach to
that of the present study concluded that
this association was compatible with
chance findings.”

This work highlights several perti-
nent issues for interpreting reports of
replication and for conducting future
meta-analyses of genetic association
studies. First, it was not possible to con-

duct a traditional meta-analysis using
the standards of randomized clinical
trials because few of the studies in-
cluded sufficient descriptive data to
conduct a standard meta-analysis. This
explains why a previous report in-
cluded only 5 studies that dichoto-
mized the exposure.”® To supplement
our analysis of published data, we also
requested original data from many of
the authors in order to classify the data
in the same way as those of the origi-
nal study.'® Second, as highlighted in
earlier reviews of this topic¥*°and a re-
cent critical review of life stressors
across these studies,’® the samples,
study designs, measures, and analyses
were highly divergent across studies,
thereby limiting the comparability of
the studies and their evidence regard-
ing replication. For example, several
studies only found significant effects for
1 genotype (SS vs SL plus LL or SS plus
SLvs LL) rather than the dose effect re-
ported by Caspi et al*!#**%263537 or found
an interaction effect in the opposite di-
rection from that in the original re-
port (the L allele was associated with
stressful life events and depres-
sion!>2%-2%323541) ' Third, several stud-
ies that did not replicate the overall as-
sociation between genotype, stressful
life events, and depression reported rep-
lication based on post hoc subgroup
analyses of specific age or sex sub-
groups.'8:20:24334 Although such sub-
group analyses may test the generaliz-
ability of the original findings, they do
not constitute replications unless their
findings occur using the same stratifi-
cation and directionality as those of the
original study.

Strengths of the analysis reported
herein include: (1) use of the same vari-
able definitions (ie, the number of S
alleles and an ordinal measure of life
events) and analytic approach that was
used in the original report in order to
provide a valid test of replication; (2)
inclusion of primary data from numer-
ous studies to supplement the analy-
ses of published data to maximize our
ability to use a common framework
across studies; and (3) our presenta-
tion of extensive analyses of expecta-
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tions of gene-environment interaction
in the absence of main effects, poten-
tial gene-environment correlation, and
evaluation of whether stratification by
an environmental risk factor will en-
hance power to detect a genotype-
depression association.

Limitations of this meta analysis
should also be considered in interpret-
ing our findings. First, recoding of the
data from some of the studies to use
the same analytic framework used by
Caspi et al'® may have led to findings
that differed from those originally
reported.'®?® Second, we could only
use individual-level data from 10 of
the 14 studies that met inclusion crite-
ria for this meta analysis. However,
omission of the other 4 studies would
not have biased our conclusions
because the 1418 participants in these
studies represented only about 10% of
the 14 250 total participants included
in the meta analysis. Moreover, evalu-
ation of the studies that were pub-
lished subsequent to 2008 (the cutoff
for our analysis of original individual-
level data) revealed only 1 replica-
tion,>® 4 nonreplications,?!3*36:39 4
studies with findings in the opposite
direction from the original report (eg,
L rather than S allele was related to
susceptibility),?>*37#1>2 and 1 that
reported an interaction only after post
hoc exclusion of 13% of the partici-
pants who were taking psychotropic
medications.*® Therefore, review of the
aggregate evidence from these studies
does not support replication and sug-
gests that the findings of the meta-
analysis presented herein were not
biased by their noninclusion.

The results of this meta-analysis should
notdeter investigators from including en-
vironmental risk factor information in
their studies, once robust marginal gene
associations have been identified. Char-
acterization of gene-environment inter-
action has been most successful for dis-
eases or traits that allow the study of a
single gene with a major effectin the con-
text of arelevant environmental exposure
of varying magnitude, and also when the
environmental exposure has a strong
effect.” For example, the identification
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of the protective influence of the A32 mu-
tation in the CCR5 chemokine receptor
against human immunodeficiency virus
infection was based on evaluation of un-
affected controls with high exposure to
the virus.”*

On the other hand, few examples of
gene-environment interaction exist for
modest gene effects or small environ-
mental impacts, most likely due to lack
of power to characterize such an inter-
action.” Unless the statistical relation-
ship between genotype and environ-
mental exposure on disease risk
strongly deviates from a multiplica-
tive (or log-additive) model, the power
to detect an interaction will be low, and
thus weak positive results should be in-
terpreted carefully.

In the present study, we also consid-
ered likely scenarios for an interactive in-
fluence between 5-HTTLPR genotype
with stressful life events on depression
in the absence of evidence for a main
effect between this genotype and depres-
sion in prior studies.”®*° The most likely
explanation for an interaction withouta
main effect would require a reversal in
the direction of the life events-by-
genotype association, with the risk of
depression increasing with the number
of S alleles in the presence of stressful life
events and decreasing with the number
of S alleles in the absence of life events.
Our analysis showed there was no such
decrease. Therefore, attempts to rescue
an unsuccessful candidate gene disease
association, no matter how strong the
candidate, by invoking an interaction
with a common environmental expo-
sure (such as life events) may be fraught
with similar rates of false-positive asso-
ciations as the original marginal gene as-
sociation studies themselves.””

Despite the lack of valid confirma-
tion of the Caspi et al'® results, the
approach to implicate candidate genes
that had failed previous direct associa-
tion studies through inclusion of an
environmental exposure has been rap-
idly embraced, and substantial resources
have been devoted to subsequent
research.” The widespread acceptance
of these findings is likely to have been
in part attributable to the acclaim the

original article received,”®°' as well as
afield that was eager for anew approach
due to the frustrating lack of progress
in gene identification for mental dis-
orders despite intensive efforts for more
than a decade.®*® The disciplines of
behavioral and social sciences have rap-
idly adopted this approach as seen by
an increasing number of reports that
attempt to link candidate genes with a
wide range of human behaviors that may
not even be under strong genetic influ-
ence such as number of sexual part-
ners® and delinquency.® A more seri-
ous concern, however, is that the
findings of this and other nonrepli-
cated genetic associations are now being
translated to a range of clinical, legal,
research, and social settings such as
forensics,” diagnostic testing,”” % study
participants,’”® and the general pub-
lic.™Itis critical that health practition-
ers and scientists in other disciplines
recognize the importance of replica-
tion of such findings before they can
serve as valid indicators of disease risk
or have utility for translation into clini-
cal and public health practice.
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