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To identify genetic factors that interact with social environments to
impact human health, we used a bioinformatic strategy that couples
expression array-based detection of environmentally responsive
transcription factors with in silico discovery of regulatory polymor-
phisms to predict geneticloci that modulate transcriptional responses
to stressful environments. Tests of one predicted interaction locus in
the human IL6 promoter (SNP rs1800795) verified that it modulates
transcriptional response to p-adrenergic activation of the GATA1
transcription factor in vitro. In vivo validation studies confirmed links
between adverse social conditions and increased transcription of
GATA1 target genes in primary neural, immune, and cancer cells.
Epidemiologic analyses verified the health significance of those
molecular interactions by documenting increased 10-year mortality
risk associated with late-life depressive symptoms that occurred
solely for homozygous carriers of the GATA1-sensitive G allele of
rs1800795. Gating of depression-related mortality risk by IL6 geno-
type pertained only to inflammation-related causes of death and
was associated with increased chronic inflammation as indexed by
plasma C-reactive protein. Computational modeling of molecular
interactions, in vitro biochemical analyses, in vivo animal modeling,
and human molecular epidemiologic analyses thus converge in iden-
tifying p-adrenergic activation of GATA1 as a molecular pathway by
which social adversity can alter human health risk selectively depend-
ing on individual genetic status at the IL6 locus.

gene-environment interaction | inflammation | social epidemiology |
stress | transcription

S ocial factors are believed to interact with genetic polymorphisms
to influence human health and longevity (1-4), but the specific
genetic loci involved and the molecular basis for their interaction
with social conditions remain poorly understood. Social factors can
alter gene expression via neural and endocrine activation of cellular
transcription factors (TFs) such as NF-xB/Rel, CREB/ATF, AP-1,
and STAT family proteins (5-8). Those TFs bind to gene cis-regu-
latory sequences to activate transcription and thereby modify the
cellular protein complement (9). One mechanism by which genetic
characteristics could modulate social influences on health involves
regulatory polymorphisms in gene promoter sequences (10-14),
which can affect the binding of socio-environmentally activated TFs
and thereby alter transcriptional responses to changing social con-
ditions (3, 15, 16).

To systematically identify Gene x Social Environment (GxSE)
interactions, we developed a novel bioinformatics strategy that
models the molecular mechanism by which regulatory polymor-
phisms alter the capacity of environmentally responsive TFs to
activate the expression of health-relevant genes. Regulatory GxSE
interactions can be conceptualized as the Boolean product of two
distinct information streams involving socio-environmental acti-
vation of a specific TF, and DNA sequence-conferred ability of a
gene to be transcribed in response to an activated TF. Both bio-
logical information streams can be analyzed computationally
through (i) reverse inference of TF activity from empirical gene
expression profiles (17), and (i) in silico modeling of differential
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TF binding to alternative regulatory sequences created by DNA
polymorphism (18). We integrated these two approaches to
identify candidate regulatory polymorphisms that might modulate
socio-environmental activation of the human /L6 gene. IL6 was
targeted for analysis because (i) it is known to be relevant to
human health (IL-6 has been linked to several prevalent causes of
morbidity and mortality including cardiovascular disease, neuro-
degeneration, and some types of cancer) (4, 19, 20); (ii) it is sen-
sitive to socio-environmental conditions (adverse conditions are
associated with increased levels of IL-6 and its biomarker
C-reactive protein) (21-27), and (iii) the IL6 promoter is genet-
ically polymorphic, including a G/C transversion (rs1800795) (28)
that has been linked to inflammation-related diseases in some
direct association analyses but not others. Inconsistent results
from simple genetic association studies may stem from an un-
identified modifying interaction with environmental factors (3),
raising the possibility that /L6 promoter polymorphism might have
a functional impact on gene expression only in the presence of
environmental conditions that induce TF activity. To determine
whether /L6 promoter polymorphism might interact with adverse
socio-environmental conditions to affect inflammation-related
disease risk, we computationally analyzed all known SNPs in the
human /L6 promoter for potential modulation of environmentally
responsive TF activity. We then tested those in silico predictions in
biochemical analyses of TF/promoter interactions in vitro, in cel-
lular models of /L6 gene regulation in vitro, in in vivo laboratory
animal models, and in human molecular epidemiologic analyses of
inflammation-related mortality risk.

Results

Computational Prediction of Gene x Environment Interaction. To
identify SNPs that might modulate induction of the human IL6 gene
by environmentally responsive TFs, we scanned the human genome
reference sequence spanning the region —1,000 bp upstream to
+200 bp downstream of the RefSeq-designated /L6 transcription
start site for predicted TF-binding motifs and compared that dis-
tribution with results from parallel analysis of IL6 promoter
sequences bearing each known single nucleotide substitution, in-
sertion, or deletion cataloged in the dbSNP database (29). A G/C
transversion 174 bp upstream of the transcription start site
(rs1800795) emerged as the sole predicted functionally active reg-
ulatory SNP (rSNP) (Fig. 14). Promoters bearing the ancestral G
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allele of rs1800795 (30) were predicted show high-affinity binding of
the GATA1 TF in the region spanning —177/—168 bp. However, that
predicted binding site was largely abrogated in sequences bearing
the variant C allele at JL6 —174. To the extent that adverse socio-
environmental conditions can increase IL6 gene expression by
activating GATAI, those results imply that the rs1800795 poly-
morphism might provide a molecular substrate for gene—environ-
ment interaction in inflammation-related biological processes.

Molecular Analysis GATA1-Mediated /L6 Transcription. To determine
whether GATA1 might modulate /L6 transcription in response to
adverse environmental conditions, we examined the expression
and activation of GATA family TFs in multiple IL-6—producing
cell types. Experimental studies confirmed that primary macro-
phages, B lymphocytes, adipocytes, ovarian carcinoma cells, and B
lymphocytes latently infected with human herpesvirus 8 all
expressed high levels of mRNA for GATAI, GATA2, and GATA3
but not other GATA family members (Fig. 1B). To determine
whether GATA TFs might be activated by adverse socio-
environmental conditions, we examined the ability of the sym-
pathetic nervous system (SNS) neurotransmitter norepinephrine
(NE) to stimulate GATA-mediated gene transcription in lucifer-
ase reporter assays. Each cell type examined showed up-regulation
of GATAl-mediated gene transcription (but not GATA2- or
GATA3-mediated transcription) following exposure to 1-10 pM
NE (Fig. 1C). Consistent with potential GATAL1 induction of
the IL6 promoter, NE also enhanced /L6 mRNA expression in
each cell type tested (Fig. 1D). As in previous studies (31-33),
B-adrenergic receptors were found to mediate these effects (Fig.
S1). Given that many types of socio-environmental stress have
been linked to increased SNS activity (7, 8, 34-41), NE activation
of GATAL could constitute one molecular pathway by which
adverse environments influence /L6 gene expression.

Molecular Analysis of IL6 Regulatory Polymorphism. To verify com-
putational indications that the C allele of rs1800795 might abro-

Fig. 1. (A) Computational modeling of the ancestral

gate NE-induced TF binding to the IL6 promoter, we assayed
binding of nuclear TFs to oligonucleotides bearing C vs. G allele
promoter sequences. Results verified that both constitutively
active TFs and NE-induced TFs bound less efficiently to the
IL6 —174C promoter sequence than to the G allele sequence (Fig.
1E). To confirm that GATA1 bound to the /L6 —174 locus, and to
determine whether that interaction occurred preferentially for the
G allele sequence, we carried out allele-specific chromatin im-
munoprecipitation assays in cells exposed to NE vs. vehicle control
stimulation. Allele-specific PCR analysis of GATAl-immuno-
precipitated chromatin confirmed specific interaction between
GATALI and the IL6 —174 locus (Fig. 1F). That interaction was
present at low levels under basal conditions, was significantly up-
regulated in response to NE, and was up-regulated significantly
more strongly on promoter sequences bearing the —174G allele
than on those bearing the —174C allele (Fig. 1F).

p-Adrenergic Mediation of GATA1 Activation. To assess the func-
tional significance of altered GATA1 binding for SNS-induced
transcriptional response, we quantified the magnitude of NE-
induced transcription from /L6 —174G vs. C allele promoters.
Across multiple /L6-producing cell types, NE markedly enhanced
transcription from the ancestral —174G promoter, whereas the
variant —174C promoter showed signficantly less induction (Fig.
2A). Pharmacologic agonist and antagonist studies confirmed that
NE induction of the /L6 promoter was mediated by f-adrenergic
activation of the protein kinase A (PKA) signaling pathway (Fig.
2B). To determine whether GATAL specifically mediated PKA
induction of the /L6 promoter, we used siRNA to selectively
reduce GATAL protein levels. GATAL inhibition retarded PKA
induction of the G allele promoter by more than 50% (Fig. 2C),
reducing PKA sensitivity to levels comparable to those observed
for the GATAIl-insensitive C allele promoter.

Socio-Environmental Activation of GATA1 in Vivo. To determine
whether GATA1 mediates in vivo transcriptional responses to
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cate determinations in one experiment, with results
representative of three independent experiments. (E)
NE-induced binding of nuclear transcription factors to
the IL6 promoter sequence (—187/-163) bearing either
the —174G allele (NE induction, P < 0.001) or the —174C
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allele (NE induction, P = 0.46). Specificity of effects to the NE-activated PKA signaling pathway was tested by parallel PMA stimulation of PKC. Analyses also
verified decreased binding of transcription factors to the —174C sequence under basal conditions (difference from —174G, P=0.023). Data are representative of
results from three independent experiments. (F) Allele-specific chromatin immunoprecipitation assays were preformed in rs1800795 heterozygous cells (primary
macrophages shown) to confirm NE induction of GATA1 binding to the —174G allele of the /L6 promoter, but not to the —174Callele. GATA1-bound /L6 promoter
DNA was quantified as a fraction of total /L6 promoter DNA. Data represent mean =+ SE of three independent experiments.

5682 | www.pnas.org/cgi/doi/10.1073/pnas.0911515107

Cole et al.


http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
www.pnas.org/cgi/doi/10.1073/pnas.0911515107

L T

/

1\

=y

A IL6 promoter activity
(fold-change over baseline)
IL6 -174 NE uM 1 4 7 10
G 0
G 10
(o} 0
C 10
B Pre-treatment ~ NE uM
Vehicle 0
Vehicle 10
Propranolol (-8) 10

KT5720 (-PKA) 10
db-cAMP (+PKA) 0

C IL6 -174  siRNA
G Control
G GATA?
G GATA4
C Control
D GATA sites/promoter

CD11b+ leukocytes 02 04 .06 .08

| I I I )
Control

Socil et H ] o= o

E Pre-frontal cortex 10 20 .30 .40
I 1 1 | J
Control _
Social threat ] p=.021
F Ovarian carcinoma

0 .10 .20 .30
I 1 | ]
Low depression
] p=.023
High depression

Fig. 2. (A) Luciferase reporter assays gauged NE-induced activation of
human /L6 —174G vs. C allele promoters (data represent mean + SE from three
replicate determinations in ovarian carcinoma cells; difference in NE-medi-
ated induction, P < 0.001). (B) The role of beta-adrenergic / PKA signaling in
mediating NE induction of the /L6 —174G promoter was tested by pre-exposing
cells to the beta-adrenergic antagonist propranolol or the PKA antagonist
KT5720 before NE exposure. Sufficiency of PKA activation alone to induce the
IL6 —174G promoter was tested using the pharmacologic PKA agonist db-
cAMP. All data represent the mean + SE from three replicate determinations.
(C) The role of GATA1 in PKA-induced /L6 —174G promoter activation was
tested by GATAT7-targeted siRNA inhibition. Specificity of GATA1's effect was
tested by parallel siRNA inhibition of other GATA family members (e.g.,
GATA4 shown). Data represent mean + SE of three replicate determinations.
(D) In vivo activation of GATA-mediated gene transcription was assessed by
TELIiS promoter-based bioinformatic analysis of genome-wide transcriptional
profiles in CD11b+ myeloid spleen cells harvested from adult male C57BL/6
mice after six daily cycles of 2-h exposure to social threat (n = 10) vs. control
home caged animals (n = 10). Data represent the average (+ SE) prevalence of
GATAT1 transcription factor-binding motifs in promoters of 100 genes showing
the greatest magnitude of up-regulation following social threat relative to
100 genes showing the greatest magnitude of up-regulation in controls. (E)
Parallel analyses of GATA1 transcription factor activity in brain prefrontal
cortex from the same n =10 control and n = 10 socially threatened animalsasin
B. (F) Differential prevalence of GATA1 transcription factor-binding motifs in
the promoters of 220 human genes up-regulated > 50% in ovarian carcinoma
cells from 10 women experiencing adverse social conditions (high depressive
symptoms and low social support) vs. 46 genes up-regulated in grade- and
stage-matched ovarian carcinomas from 10 women experiencing favorable
social conditions (low depressive symptoms and high social support).

socio-environmental adversity, we analyzed genome-wide tran-
scriptional activity of promoters bearing GATA1-binding motifs
(17). In adult male C57BL/6 mice subject to three daily cycles of 2-h
exposure to social threat vs. nonthreatening control conditions,
microarray transcriptional profiling of brain prefrontal cortex and
myeloid-lineage CD11b+ spleen cells indicated transcriptional
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modulation of more than 200 promoters in each tissue (Tables S1
and S2). Promoter-based bioinformatic analyses indicated activa-
tion of GATAL in both myeloid spleen cells (Fig. 2D) and brain
prefrontal cortex (Fig. 2E). To confirm the relevance of those
findings for human social adversity, we carried out similar analyses
in primary ovarian carcinoma tissues resected from women expe-
riencing high levels of depression and low social support vs. minimal
depressive symptoms and high social support (42) (Tables S3 and
S4). Results again indicated up-regulated GATAL activity in asso-
ciation with social adversity (Fig. 2F). Consistent with NE induction
of GATAL activity in the present biochemical studies (Fig. 1 and
Fig. 2), intratumor NE levels were also elevated in tissues from
patients experiencing high levels of social adversity (mean = 19.5 +
6.9 pg NE /mg tissue vs. <0.1 + 0.1 in low-adversity conditions;
difference, P = 0.0482) (42). Histological mapping showed that
perivascular nerve fibers with occasional parenchymal radiations
constituted the primary source of intratumor NE (Fig. S2).

Molecular Epidemiologic Analysis of Gene—-Environment Interaction.
To confirm the health significance of rs1800795 modulation of IL6
transcriptional response to socio-environmental stress, we carried
out molecular epidemiologic analyses of late-life mortality risk in the
MacArthur Study of Successful Aging (20, 43). IL6 is involved in
several major drivers of all-cause mortality, including cardiovascular
disease, Alzheimer’s disease, and certain types of cancer (4, 19, 20).
Progression of each of those diseases has also been linked to adverse
social conditions (44, 45). We therefore analyzed the risk of all-cause
mortality over 11.7 years following the initial MacArthur Study
assessment of socio-environmental conditions in 1988, at which point
all study participants were healthy and high functioning. Based on
results linking GATALI activity to depressive symptoms (Fig. 2F),
measures of depression served as indicators of subjectively significant
socio-environmental adversity across multiple social domains (15,
46). In an ethnically homogenous sample of men and women aged
70-80 years in 1988 (Table S5), high levels of depressive symptoms
were associated with significantly increased subsequent mortality risk
among those homozygous for the GATAIl-sensitive IL6 —174G
allele, but no increased mortality risk among those homozygous for
the —174C allele or among heterozygotes (Table 1). This GXSE
interaction in mortality risk emerged regardless of whether depres-
sive symptoms were measured by the Center for Epidemiologic
Studies—Depression scale (CES-D) or the Hopkins Symptom
Checklist Depression scale (SCL-D), and regardless of whether

Table 1. All-cause mortality risk
Depression IL6 174 Hazard ratio*
Model measure genotype (95% ClI) P
Simple* CES-D cc 0.87 (0.30-2.47) 0.7855
GC 0.89 (0.57-1.40) 0.6209
GG 1.76 (1.16-2.68) 0.0079
SCL-D cC 1.02 (0.44-2.39) 0.9584
GC 0.76 (0.43-1.32) 0.3198
GG 2.13 (1.14-3.95) 0.0166
Adjusted® CES-D de 0.95 (0.25-3.55) 0.9343
GC 0.76 (0.43-1.33) 0.3331
GG 2.06 (1.29-3.27) 0.0024
SCL-D CcC 0.86 (0.19-3.88) 0.8442
GC 0.52 (0.27-1.01) 0.0521
GG 7.93 (2.71-23.2) 0.0002

CES-D, Center for Epidemiologic Studies Depression scale; SCL-D, Hopkins’
Symptom Checklist Depression scale.
*Hazard ratio for 75th percentile vs. 25th percentile on depression measure.
"Two-tailed significance level.
*Simple (unadjusted) association between depression and mortality risk.
SMultivariate analysis controlling for age at study entry, sex, body mass index,
smoking, alcohol consumption and socio-economic status.

PNAS | March 23,2010 | vol. 107 | no.12 | 5683

PSYCHOLOGICAL AND
COGNITIVE SCIENCES


http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=st01
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=st02
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=st03
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=st04
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0911515107/DCSupplemental/Supplemental_PDF#nameddest=st05

L T

/

1\

=y

analyses focused on crude mortality rates or risks adjusted for age at
study entry, gender, body mass index, smoking, alcohol consumption,
and socio-economic status. Among rs1800795 G homozygotes (39%
of the sample), the presence of depressive symptoms in late life was
associated with a 2.8-year shorter average lifespan, whereas the
presence of late-life depressive symptoms in those carrying one or
more C allele was associated with a nonsignificant 0.2-year greater
lifespan (interaction P = 0.036 for CES-D and P = 0.014 for SCL-D)
(Fig. 34). The rs1800795 genotype was not associated with the level
of depressive symptoms at study entry in 1988 or at 3-year follow-up
in 1991 (CES-D: difference among genotypes, 4.3% of mean score in
1988 and 2.9% in 1991, both P > 0.40; SCL-D: difference among
genotypes, 4.1% in 1998 and 3.7% in 1991, both P > 0.30).

To determine whether rs1800795 genotype modulated depression-
associated mortality risk specifically via effects on inflammatory
biology, we conducted multivariate mediation analyses using plasma
C-reactive protein (CRP) as a measure of IL-6-related chronic
inflammation (21, 22). As would be expected if mortality differences
were mediated specifically by variations in chronic inflammation,
inclusion of CRP in survival analyses rendered the Genotype X
Depression interaction term nonsignificant (Fig. 3B; CES-D, P =
0.627; SCL-D, P = 0.601), but CRP levels continued to significantly
predict mortality (P < 0.001 in all analyses). Competing hazards
analyses of cause-specific mortality also supported a mediating role of
inflammatory biology by showing that the IL6 —174 Genotype X
Depression interaction pertained specifically to inflammation-rela-
ted causes of death (cardiovascular, neurodegenerative, and neo-
plastic) and did not affect other causes of death (Tables S6 and S7).

Discussion

The present data show that SNS activation can induce /L6 gene
expression via f-adrenergic activation of GATAL. These data also
identify the rs1800795 G/C transversion as a regulatory SNP
(rSNP) that can moderate the impact of SNS/GATALI signaling in
ways that ultimately protect C allele carriers from the heightened
inflammation-related disease risk associated with adverse socio-
environmental conditions. These findings are consistent with
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Fig. 3. Modification of late life socio-environmental mortality risk by
rs1800795 genotype. (A) Relationship between depressive symptoms and
subsequent all-cause mortality risk for /L6 —174G homozygotes (Right) vs.
carriers of one or more C allele (Left). Data represent estimated survival
functions from Cox proportional hazards regression analyses controlling for
sex and age at study entry (range 70-80 years) in 184 initially healthy Cau-
casian participants in the MacArthur Study of Successful Aging. Open circles
represent mortality risk given cohort average levels of depressive symptoms
at study entry (CES-D = 4); filled circles represent mortality risk given high
depressive symptoms at study entry (CES-D = 16). (B) Effect of controlling for
chronic inflammation (plasma C-reactive protein >3 mg/L) on rs1800795
genotype modification of relative mortality hazard associated with low vs.
high depressive symptoms at study entry (same cohort of n = 184 MacArthur
Study participants as in A). Values represent point estimate (+ 95% con-
fidence interval) of relative hazard associated with 75th vs. 25th percentile
values of cohort CES-D distribution.
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previous indications that rs1800795 might affect /L6 gene ex-
pression by modulating binding of unspecified TFs (28, 47, 48),
and with data showing that p-adrenergic activation of the cAMP/
PKA pathway can phosphorylate other GATA family TFs and
modulate their transcriptional activity (49-54). The present
results are also consistent with previous molecular epidemiologic
analyses linking rs1800795 to differential risk of inflammation-
related disease (4, 28, 55). Confirmation that rs1800795 is a
functional rSNP with environmentally contingent implications for
human mortality risk also shows that the present in silico analytic
approach can accurately predict in vivo GxSE interactions.
Genome-wide application of this strategy could potentially
accelerate the discovery GxSE interactions throughout the hu-
man genome.

Because the —174G/C transversion gates GATA1 access to the
IL6 promoter, it provides the molecular basis for an intrinsic
Gene x Environment interaction that links rs1800795 to inflam-
matory disease risk only under environmental conditions that
activate GATAL1. Consistent with that intrinsic interaction, —174G
homozygotes showed no increased mortality risk in the absence of
late-life depressive symptoms and rs1800795 genotype was unre-
lated to the prevalence of late-life depressive symptoms. Thus,
rs1800795 does not constitute a cause of depressive symptoms but,
rather, a genetic vulnerability factor that renders G homozygotes
more sensitive to IL6-related health risks when those individuals
encounter adverse environmental conditions sufficient to trigger
depressive symptoms (3, 15, 46). Given that IL6 —174G appears to
represent the ancestral human genome sequence (30), the present
mortality results suggest that the variant C allele may have been
retained in the human gene pool because it conferred a selective
advantage in limiting hyperinflammatory /L6 responses during
periods of chronic SNS activation.

Identification of rs1800795 as the genetic component of a GXSE
interaction may explain why some previous genetic association
studies have failed to confirm relationships between that poly-
morphism and disease risk. To the extent that those analyses failed
to consider the environmentally contingent activation of GATA1
as a necessary precondition for phenotypic manifestation of
rs1800795 genetic influences, false negative findings could result
from functional mis-specification of data analytic models (result-
ingin loss of statistical power and biased parameter estimation) (2,
56). The risk of overlooking such conditionally penetrant SNPs
might be reduced in future studies by applying the present com-
putational approach at a genome-wide level to predict specific
genetic loci likely to interact with environmental conditions.
Incorporation of the resulting GXSE hypotheses into genome-wide
association studies would (i) enhance statistical power by appro-
priately including outcome-determining effects in the determin-
istic portion of the statistical model, and (i) reduce potential
downward bias in the estimation of genetic effect parameters that
would otherwise result from averaging differing genetic effects
expressed under alternative socio-environmental conditions. The
later advantage is particularly significant, given the potential for
antagonistic pleiotropy to induce “net zero” estimates of genetic
effects that are actually significantly beneficial under some socio-
environmental conditions and significantly detrimental under
others. Routine incorporation of mechanistically derived GxSE
interaction hypotheses into analytic models for genome-wide
association studies might considerably increase the number of
genetic influences discovered and the magnitude of their identified
effects. Such results also have the potential to suggest socio-
environmental alterations that could mitigate genetically linked
health risks.

Additional studies will be required to clarify the mechanism,
scope, and health implications of the present results. The bio-
chemical and animal model data reported here involve causal effects
from controlled experiments, but the human health effects of the IL6
GxSE interaction were estimated by association in a longitudinal
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cohort study of moderate size and limited geographic diversity. The
present analyses were also restricted to white adults to avoid con-
founding by population ethnic stratification. The relevance of these
findings to other ethnic or age groups should not be assumed until
these results are replicated in larger and more diverse study pop-
ulations. Additional molecular biological studies are also needed to
clarify the mechanistic basis for the dominant protective effect of the
variant rs1800795 C allele. It is conceivable that the presence of one
C allele promoter is sufficient to block the development of an /L6
positive feedback cycle. Given that siRNA knock-down of GATA1
abrogated only ~50% of total NE-mediated /L6 promoter induction,
transcriptional regulation at the /L6 —174 locus may also involve
additional TFs that remain to be identified. The present analysis
focuses solely on transcription factor activity within the core pro-
moter and would not detect more distant regulatory polymorphisms
greater than 1 kb upstream or downstream in the gene coding
sequence or introns. It is also important to note that the present
bioinformatic approach is not intended to provide a comprehensive
model of /L6 gene regulation, but seeks only to identify functional
rSNPs involved in GxSE interactions. However, the Boolean con-
junctive model applied here could be expanded to include empirical
measures of other known gene regulatory influences such as pro-
moter methylation, epistatic interactions with other genes, chro-
matin dynamics, and micro-RNA inhibition. Expansion of the
present model to encompass a broader array of regulatory dynamics
could provide a promising direction for future research.

The basic approach of combining computational models of gene
regulation with empirical bioinformatic discovery of environ-
mentally sensitive TFs provides a rational strategy for prioritizing
candidate GxSE interactions in a search space involving billions of
candidate combinations (~10” SNPs crossed with tens to hundreds
of potentially relevant environmental conditions). Although the
present model is relatively simple, its conjunctive Boolean struc-
ture could easily be extended to incorporate other molecular
regulators of gene expression (e.g., promoter methylation or other
epigenetic mechanisms, epistatic interactions with other genes,
micro-RNA inhibition, distant promoter/enhancer elements).
Genome-wide application of such integrated structural/functional
genomic models could provide a powerful strategy for accelerating
discovery of other GxSE interactions.

Methods

Computational Modeling of Gene x Environment Interaction. To identify gene
polymorphisms that might modulate the induction of /L6 gene expression by
environmentally responsive transcription factors (ERTFs), we carried out
bioinformatic analyses to map the conjunctive set of (i) transcription factors
(TFs) that are empirically activated by socio-environmental stress, and (ii) TFs
with predicted high-affinity binding sites in the /L6 promoter that are pre-
dicted to be abrogated by known single nucleotide polymorphisms (SNPs).
Computational details of these analyses are provided in S/ Text. Briefly,
candidate ERTFs were identified through TELiS bioinformatics analysis (17)
of TF-binding motifs (TFBMs) in promoters of genes that were found to be
empirically differentially expressed in CNS prefrontal cortex tissue or CD11b
+ splenocytes from animals that were subject to experimentally imposed
social threat (described below) or in solid tissue samples from humans sub-
ject to chronic social adversity as previously described (42). The IL6 core
promoter sequence was then computationally scanned for potential regu-
latory SNPs (rSNPs) predicted to affect the binding of candidate ERTFs.
Analyses used a variant of the SNP_TRAST algorithm (18) to assess the impact
of all dbSNP polymorphisms (29) on predicted TFBMs in the human genome
sequence spanning —1,000 bp to + 200 bp relative to the RefSeq /L6 tran-
scription start site (57). Polymorphisms predicted to inhibit ERTF binding to a
high-affinity TFBM by more than 50% were considered biologically sig-
nificant based on previous functional calibration studies (18). rs1800796
Modulation of GATA1 ERTF activity emerged as the sole candidate inter-
action meeting all analytic criteria.

Cell Culture and Gene Expression. Monocyte-derived macrophages, Ramos B

lymphoid cells, 3T3-L1 adipocytes, SKOV3ip ovarian carcinoma cells, and KS1
primary effusion lymphoma cells were cultured under standard conditions.
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Expression of IL6, GATAT, GATA2, GATA3, GATA4, GATA5, and GATA6 mRNA
was assayed by quantitative real-time RT-PCR using established TagMan Gene
Expression Assays (Applied Biosystems) and standard threshold cycle analysis
with normalization to ACTB mRNA. Additional details are available in S/ Text.

Transcriptional Activity in Vitro. Binding of nuclear proteins to the —174 bp
region of the ancestral /L6 promoter sequence or the variant C allele (/L6 —187
t0—163:5-AGT TGT GTCTTG C[G/CJATGC TAA AGG A-3) (Operon Technologies)
was quantified by electrophoretic mobility shift assay (Cell Lytic NuCLEAR, Sigma)
of cells treated 5 min with vehicle, 1 uM NE, 10 uM NE, or 2 ng/mL PMA (PKC-
inducer as specificity control for PKA activation). Allele-specific chromatin
immunoprecipitation (ChIP) was performed on rs1800795 heterozygous cells
using ChIP-IT Express (Active Motif) and anti-GATA1 I1gG (Active Motif) followed
by real-time PCR detection of G vs. C allele DNA sequences (Applied Biosystems
Custom Genotyping Assay 4331349). Additional details are provided in S/ Text.

IL6 Promoter Activity. Transcriptional response of rs1800795 G and C allele
promoters was analyzed using luciferase reporter assays (QuantiGlo, Promega)
of protein from 5 x 10° cells transfected with 1 g of pIL6-174G or plL6-174C (S/
Text) and treated for 3-18 h with vehicle or NE. Role of the p-adrenoreceptor/
cAMP/PKA signaling pathway in mediating NE effects was assessed by 15 min
pretreatment with the p-adrenergic antagonist propranolol (10 uM) or protein
kinase A (PKA) antagonist KT5720 (1 uM), or by replacing NE with 1 mM of the
PKA activator db-cAMP (all from Sigma). Role of GATA1 in NE activation of
the IL6 promoter was tested by siRNA knock-down of GATAT mRNA beginning
24 h before stimulation and luciferase assay using GATA factor-specific
reporter constructs (Panomics). S/ Text provides additional details.

Transcriptional Activity in Vivo. GATA1 activity in vivo was assayed by TELiS
bioinformatics analysis (17) (http:/www.telis.ucla.edu) of promoters showing
empirical change in activity as a function of socio-environmental conditions.
Sampling conditions, microarray assays, and bioinformatic analyses are
detailed in S/ Text. Briefly, adversity-sensitive genes were identified using
microarray gene expression profiling, and promoters of those genes were
tested for over-representation of GATA1 TFBMs as previously described (17)
(TRANSFAC V$GATA1_01 position-specific weight matrix, —300 bp core pro-
moter sequence, mat_sim > 0.90). Differential gene transcription was assayed
by Affymetrix high-density oligonucleotide arrays in (/) CNS prefrontal cortex
and CD11b+ splenocytes from adult male C57BL/6 mice (Charles River Labo-
ratories) subject to three daily cycles of 2-h exposure to social threat vs. non-
threatening control conditions (58), and (ii) human ovarian carcinoma tissues
resected from patients confronting high vs. low levels of social adversity as
previously described (42). Procedures were approved by Institutional Animal
Care and Use Committees and study site Institutional Review Boards (42).

Molecular Epidemiology. All available genomic DNA samples from the Mac-
Arthur Study of Successful Aging (43) were genotyped for rs1800795 using real-
time PCR as described above. Primary analyses focused on Caucasian individuals
atthe North Carolina site (n = 184; Table S5) to mitigate ethnic stratification and
site-related confounding. Primary results were confirmed in analyses of the
pooled Caucasian sample from all three study sites (n = 381; S/ Text). Depressive
symptoms were measured by the Center for Epidemiologic Studies Depression
scale (CES-D > 16) (59) and the Hopkins Symptom Check List Depression scale
(SCL-D >90th percentile) (60). Total and cause-specific mortality analyses were
based on National Death Index (NDI) records (37% confirmed mortality), with
lifespan censored at the date of last NDI search for living participants (all indi-
viduals ascertained >10 years). Mortality risk was analyzed using Cox propor-
tional hazards regression (61) with sex-specific baseline hazard functions and
regressors controlling for age at study entry, body mass index, household eco-
nomic condition (satisfactory/unsatisfactory), smoking history (never, ex-, cur-
rent) and alcohol consumption (never, occasional, moderate, heavy) (43).
Genotype x Depression interaction was modeled as a product term in analyses
containing Genotype and Depression main effects (62). Competing hazards
analysis of cause-specific mortality (61) classified ICD-9/10 primary cause as
inflammation related (cardiovascular disease, Alzheimer’s disease, cancer) vs.
not. Plasma C-reactive protein (CRP) was quantified by high-sensitivity ELISA (20)
and classified as high at > 3 mg/L. Additional details are given in SI Text. All
research was approved by study site Institutional Review Boards (43).
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