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ABSTRACT—The relationship between genes and social be-
havior has historically been construed as a one-way street,
with genes in control. Recent analyses have challenged this
view, by discovering broad alterations in the expression of
human genes as a function of differing socio-environmental
conditions. The emerging field of social genomics has begun
to identity the types of genes subject to social regulation,
the biological sitnaling pathways mediating those effects,
and the genetic polymorphisms that moderate socioenvi-

ranm(entul iqﬂu(zn(}(m Oon humun gene (expr(essian.
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The eoneeptual relationship between genes and soeial behavior
has shifted significantly during the past 20 vears. As genes have
come to be understood as conerete DNA sequences rather than
as abstractions inferred from inheritance, it has become in-
creasingly elear that soeial factors can play a significant role in
regulating their activity in humans. DNA encodes the potential
for cellular behavior, but that potential is only realized if the
gene is expressed—that 1s, if its DNA is transeribed into BNA
and translated into protein (Fig. 1). Protemns shape the structure
of a eell and determine its charaeteristie behaviors sueh as
movement, metabolism, and biochemical response to external
stimuli (e.g., neurotransmission). Absent their transeription,
DNA genes have no effeet on health or behavioral phenotypes.
With the advent of a sequenced human genome and the emer-
gence of DNA mieroarray technologies, seientists can now sur-
vev the expression of all human genes simultaneously and map
the specthe subset of genes that are active 1n a given cell at a
given point in time. One surprising finding from the field of

functional genomies is that the expression of a specific gene is
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often more an exception than the rule. Cells are highly selective
about which genes they express, and our DNA encodes a great
deal more genetie potential than is realized in RNA and protein.
Even more striking has been the discovery that the social world
outside our bodies influenees which genes are trunseribed within

the nuelei of our cells (the RNA “transeriptome™).

EFFECTS OF SOCIAL FACTORS ON GENE EXPRESSION

The possibility that social factors might regulate gene expression
first emerged in the context of hiobehavioral health research.
Social stress and isolation have long been known to affect the
onset and progression of disease (Seeman, 1996). That effect is
particularly strong for viral infections: Soeial factors have been
linked to inereased replication of eold-causing rhinoviruses
{Cohen, Dovle, Skoner, Rubin, & Gwaltney, 1997), the AIDS
virus, HIV-1 (Cole, 2008), and several cancer-related viruses
{Antoni et al., 2006). Viruses are little more than small packages
of 10 to 100 genes that hijack the protein production machinery
of their host eells (us) to make more copies of themselves. As
obligate parasites of our living cells, viruses have evolved within
a microenvironment structured by our own genome. If social
factors can regulate the expression of viral genes, that suggests
that our own complement of roughly 22,000 genes is likely to be
regulated in biologieally signifieant ways by soeial factors as
well.

One of the first studies to analyze the relationship between
social factors and human gene expression surveved transerip-
tional profiles in white blood cells (leukoeytes) from healthy
older adults who differed in the extent to which they felt soeially
connected to others (Cole et al., 2007). Among the 22,283 genes
assaved, 209 showed systematieally different levels of expres-
sion in people who reported feeling lonely and distant from
others consistently over the course of 4 vears (Fig. 2). These
effeets did not involve a random smattering of all human genes,
but foeally affected three speeifie groups of genes. Genes sup-

porting the early “accelerator” phase of the immune response—
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Fig. 1. Social signal lransdunclion. Socio-cnvironmental processes regulale hmnan gene expression by aclivaling cenlral nervons

syalem processes Lhal subscemently influenee hormene and nenrolransmiller aclivily in the periphery of the body. Peripheral

sgnaling moleenles interact with eellular receplors Lo aclivale Lranseriplion faclors, which bind 1o characteristic DNA motifs in

gene promolers Lo iniliale (oF Fepress) gene expression. Only genes thal ave lranseribed into RNA acinally influenee health and

behavioral phenotypes. Individnal differences in promoter DNA sequences (e.g., the [ G/C] polymorphisin shown here) can affeel

the binding of ranseriplion faclors and thereby influenee the sensilivity of genemic response Lo socioonvironmenlal condilions.

inflammation—uwere selectively up-regulated; and two groups of
genes involved in the subsequent “steering” of immune re-
sponses—egenes mvolved in responses to viral infections (par-
tieularly Type 1 interferons), and genes involved in the
production of antibodies by B lvmphocytes—were down-regu-
lated. These results provided a moleeular framework for un-
derstanding why socially isolated individuals show heightened
vulnerability to inflammation-driven cardiovascular diseases
(i.e., exeessive nonspecific immune aetivity) and impaired re-
sponses to viral infections and vaceines (Le., insufficient im-
mune responses to specific pathogens). A major clue about the
psvehologieal pathways mediating these effects came from the
observation that differential gene-expression profiles were most
strongly linked to a person’s subjective sense of isolation rather
than to their objective number of soeial contacts.

Additional studies have identified transeriptional eorrelates

of other socioenvironmental conditions such as low socioeco-
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Chen et al., 2008) and the chronice threat of

soctal loss {e.g., having a spouse with cancer; Miller et al., 2008).

nomie status (S

These analyses also found up-regulated expression of leukoeyte
inflammatory genes and identified speeifie psychologieal pro-
vesses that appeared to contribute to those dynamies. For ex-
ample, among children with asthma, those from a low-SES
background tended to  interpret ambiguous  situations  as
threatening, and that pereeption of threat was more strongly
linked to differential gene expression than was SES per se (Chen
et al., 2008).

Several studies have shown that social influences can pene-
trate remarkably deeply into our bodies. The nervous system
plays a key role in perceiving and responding to soeial stimuli,
and soeial conditions have been found to regulate the expression
of neural genes such as the nerve growth factor (NVGF) gene
{(Sloan et al., 2007) and the glueocorticoid receptor gene (Zhang

et al., 2006). More surprising is the discovery that key immune
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Fig. 2. Gene expression in human immune cells in loncly and socially inlegraled people. Expression of

22,283 human gene Lranscripls was assayved in 10 million bloed lenkoeyles sampled from cach of 14 older

adulls whe showed consistent difforenecs over A years in their lovel of subjeclive social isolalion. Two

hundred nine gene lranseripls showed al least 309 diffcrenee in average expression level between six

people expericneing chronie socialisolalion and cighl experieneing consistenl social integration. In the

heal-plol above, cach row represents dala from one of the 141 sindy parlicipants, cach column conlains

cxpression values for one of the 209 differentially aclive genes, and the eoloring of cach eell represents

the relalive level of thal gene’s expression in a given parlicipant’s lenkoeyte sample: Red = high ex-

pression, Black = inlermediale expression, Green = low expression. (Adapled from Cole eL al., 2007.)

system genes are also sensitive to social conditions (Sloan et al.,
2007). Immune cells exert selective pressure on the evolution of
viral genomes, and many viruses also appear to have developed a
genomie sensitivity to our social conditions (as reviewed above).

However, even pathogens that escape our immune

rstem may
still modulate gene transeription in response to host stress and
social conditions. Most human caneers are invisible to the im-

mune svstem, but some still change gene-expression patterns in

response to soeial stress (Antoni et al., 2006). One recent study
of women with ovarian eaneer found more than 220 genes to be
selectively up-regulated in tumors from women with low levels of
social support and high depressive symptoms (Lutgendorf et al.,

2009). If our socially sensitive immune system is not conveying

those effects, how do social inHueneces reach into the damaged
genome of a cancer cell? New insights have come from bioin-

formatic analyses of “social signal transduction.”

SOCIAL SIGNAL TRANSDUCTION

Moleeular biologists construe signal transduction as a loeal
process by which signaling molecules outside the cell interact
with eellular reeeptors to initiate a caseade of biochemieal re-
actions inside the cell, ulimately stimulating a protein tran-
(Fig. 1)

Transeription faetors Hag a particular streteh of DNA (the coding

seription  factor to  activate gene expression
region of a gene) for transeription into RNVA. Which genes can be
setivated by a given transeription factor is determined by the
nueleotide sequence of the gene’s promoter—the streteh of DNA
lying upstream of the coding region. For example, the tran-
seription factor  NF-kB  binds to the nueleotide motif
GGGACTTTCC, whereas CREB/ATF transeription factors tar-
get the motif TGACGTCA. These two transeription factors are
activated by different receptor-mediated signal-transduetion

pathways, providing distinet moleeular channels by whieh ex-

tracellular events can regulate intracellular genomie response.
The distribution of transeription-factor-binding motifs across
our 22,000 gene promoters constitutes a “wiring diagram”™ that
maps microenvironmental processes onto genome-wide tran-

seriptional responses.
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Transduction of socioenvironmental influences into functional
genomice responses is mediated by the brain’s perception of so-
eial conditions and its subsequent regulation of hormones, ne-
urotransmitters, and other signaling molecules that disseminate
throughout the hody to activate cellular receptors and tran-
seription factors. For example, the sympathetie nervous syvstem
(SNS) and the hypothalamie-pituitary-adrenal (HPA) axis are
two major pathwavs by which central nervous system (CKS)
pereeptions of negative soeial conditions ean regulate gene
transeription in a wide array of somatie cells (Sapolsky, 1904).
Positive psvchological states may also regulate human gene
expression (Dusek et al., 2008), although their molecular me-
diators are less well understood.

Links between social experiences and neural or endoerine
responses have long been recognized, but the breadth of their
impact on gene expression has only recently hecome apparent,
following the sequencing of the human genome. Early compu-
tational analyses of the human genome sequence suggested that
promoter DNA sequences might provide for psyehologieally
specific transeriptional responses. For example, any gene
bearing the motif GGTACAATCTGTTCT in its promoter might
potentially be stimulated by severe, overwhelming stress expe-
riences that release cortisol, because the cortisol-stimulated
glueocorticoid receptor (GR) binds speeifieally to that DNA
motif. In contrast, genes bearing the CREB/ATF promoter motif
TGACGTCA would he predicted to activate in response to ac-
tive-coping, fight-or-flight stress responses associated with cat-
echolamine release and beta-adrenergic receptor signaling.
Based on the distribution of these promoter motifs aeross the
human genome, it appears that these two distinet psyehological
stress experiences may trigger very different transeriptional
responses. Genes predicted to be cortisol-responsive dispro-
portionately encode receptors and other molecules involved in a
cell’s “pereeption” of its loeal environment. In contrast, putative
catecholamine-responsive genes include few receptors but a
high coneentration of signal-transduetion molecules and tran-
seription factors involved in cellular “decision making” (i.e.,
vonverting receptor-mediated pereeption into changes in gene

expression and cellular behavior). Thus, severe, overwhelming
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stress may trigger a cellular form of “denial” (altering percep-
tion), whereas active-coping challenges induee something more
akin to “sublimation” (altering responses to perceptions).

A sequenced human genome also provided new analytic in-
s that

convert socioenvironmental conditions into differential gene

frastructure for mapping the molecular signaling pathwe

expression. One approach reverses the normal How of biological
information that proceeds from the environment, through tran-
seription faetor activity, and into gene expression (see Fig. 1).
This analysis seans the promoters of differentially expressed
genes to identify transeriptionfaetor-binding motifs that are
overrepresented in activated promoters, and thus reflect which
speeific transeription factors drove the observed differences in
gene expression (Cole, Yan, Galie, Arevalo, & Zack, 2005). This
approach has uneovered some surprising differences between the
transeriptional signals “sent” by the brain and the transeriptional
signals “heard” by the human genome. In studies of chronie
loneliness and threat of soeial loss (Cole et al., 2007; Miller et al.,
2008), analyses
transeription factor played a key role in orchestrating both pat-

indicated that the inflammation-driving NF-xB

terns of differential gene expression. Results also suggested that
the GIR was failing to inhibit NF-kB’s proinflammatory activity as
it should. Neither study found deereases in eireulating eortisol
levels that might explain the reduced GR activity, i the HPA axis
were sending the proper anti-inHammatory cortisol signal, why
would stressed people’s leukoeyvtes not down-regulate NF-xB
transeription of inflammatory genes? The answer appears to in-
volve a reduetion in the GR's sensitivity to eortisol—rendering
the leukoeyte transeriptome deaf to the braink request to down-
regulate proinflammatory genes (Cole et al., 2007; Miller et al.,
2008). Both chronie loneliness and threat of social loss appear to
diseonnect this key physiologie feedback system and may thereby
inerease the risk of inHammation-related disease (Seeman, 1996).
Similar analyses have identified other alterations in transeription-
factor activity that may connect low SES to inflammatory gene
expression in asthma (Chen et al., 2008) and commeet low social
support and depression to altered gene expression in ovarian
caneer (Lutgendorf et al., 2009).

REMOQODELING THE BODY

Because RNA transeription shapes the protein complement of
our cells and those proteins mediate cellular funetion (Fig. 1),
psvehologieal regulation of gene expression implies that the
social world can remodel the functional characteristies of the
human body. Consider the ability of ehronie soeial stress to in-
crease NGF gene expression and thereby enhanee the growth of
SNS newral fibers in the lymph node tissues that strueture im-
mune responses (Sloan et al., 2007). This socio-environmental
remodeling of lymph node innervation at Time, can persist,
providing a denser neural network through which subsequent
stressful exposure at Timey distributes SNS neurotransmitters

into the lymph node. As a consequence, the immune system
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Fig 3. BNA as a moleenlar medinm of recnrsive development. Social
condilions al one pointin lime (Environment, ) are transduced into changes
in behavior (Behaviory) and gene cxpression (RNAg) via cenlral nervons
syalem pereeplual processes thal Lrigger sysiemic nenral and endecrine
responsed (mediated by Body ). Those RNA lranscriplional dynamics may
aller molecular charactleristies of cclls involved in environmental per-

ceplichn oF response, resulling in a funetionally altered Body,. Bodys may
respond differently Lo a given environmental challenge than would the
previons Bodyq, resulling in different behavioral (Behaviors) and RNA
transcriplional (RNAy) responses. The persisting offeel of RNA ran-
seriplional dynamics on ecllular prolein and funeclional characleri
provides a molecular framework for underslanding how secio-cnviren-
menlal condilions in the pasl may continue Lo affecl enrrenl behavior and
health, and how those historical condilions inlevact with eurvent envi-

CA

ronmenlts Lo shape our fulure rajectories (e.g., Bodys, Behaviors, RNAZ).

mounts a poorer response to viral infeetion at Timey solely be-
cause lymph node innervation was remodeled by differing social
conditions at Times. In the model of Figure 3, social stress at
Time; (Environment ;) is transmitted through the nervous system
{Bodyy) into behavioral stress responses (Behavior;) and in-
ereased NGF gene expression (RNA,). Up-regulated NGF in-
ereases SNS imervation of the lymph node and thereby alters the
funetional relationship between the nervous and immune sys-
tems (Bodyz). When that functionally remodeled Bodys en-
counters a new viral infection in Environments, inereased SNS
nevrotransmitter release can inhibit transeription of Type [ in-
terferon genes (RINA). As a consequence of that impaired an-
tiviral response, intensified disease alters physical tssue
characteristies and behavioral capacities in the future (RINA,
and Behaviors). In this way, the experience of Environment; not
only “gets inside the body™ but “stays there” in a conerete mo-
lecular way that propagates through multiple gene-transenp-
tional responses, physiologic systems, and time epochs.
Socivenvironmental conditions can also regulate the molec-
ular eomposition of CAS eells and thereby alter psyehologieal
and behavioral responses to future environments (Zhang et al.,
2006). Beeause the molecular composition of our cells consti-
tutes the physical machinery by which we pereeive and respond
to the world around us (“Body” in Fig. 3), and because that
molecular composition is itself subjeet to remodeling by socio-
environmental influences, gene expression constitutes both a
cause and 1 eonsequence of behavior. RNA ean be construed as
the physical medium of a recursive developmental system in

which soeial, behavioral, and health outcomes at one point in
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time also constitute inpuds that shape our future responses to the
environment (e.g., as in Heekman’s, 2007, model of human-ca-
pability development, in which capacities developed at Time,
affect our ability to capitalize on environmental opportunities at
Timez). Future research will extend these models bevond easily
secessible tissues such as immune eells to inelude the more
sensitive CNS struetures that shape social, cognitive, and
affective processes. It will also be eritical to define the particular
features of soeial environments that trigger transeriptional re-
modeling of specific cells. Given the key role of neuroendoerine
responses in mediating these effects, the most deeisive influ-
ences may involve our psyehological reactions to social condi-
tions rather than the properties of the external condition per se.
After all, it is the subjective perception of conditions as
threatening or uncertain that directly triggers SNS and HPA
responses {(Sapolsky, 1994). The human genome’s soeial sensi-
tivity ultimately stems from the capacity of social conditions to
affeet CAS pereeptions of safety versus threat (Dickerson &
Kemeny, 2004) and thereby trigger biologieal stress responses
that alter gene transeription.

THE NEW GENETICS

Now that we know genes and environments operate in parallel to
shape our RNA-driven bodies, integrating our understanding of
those two streams of influence has become a central challenge in
biologieal analyses of human health and behavior. The regula-
tory paradigm outlined in Figure 1 provides a framework for
analyzing their interplay in the context of Gene X Environment
interactions. For example, variations in the DN A sequence of the
promoter regulating the serotonin transporter gene (SHTT) can
affeet the binding of environmentally sensitive transeription
factors and thereby buffer the effects of adverse social envi-
ronments on the risk of depression and other affective behaviors
{Caspi et al., 2003; Champoux et al., 2002). These effects extend
into the realm of imnune response and survival (Capitanio et al.,
2008) and thus may also shape the evolutionary trajectory of our
DNA genome at a population level. In integrating the molecular
hology of gene structure, the environmental control of gene
expression, and the social biology of individual behavior and
survival, the SHTT promoter polymorphism exemplifies the new
“environmentally conscious” conception of genetics, in which
eellular and organismic behavior constitute the fundamental
units of evolutionary selection and genes and environments
depend mutually on one another to shape that hehavior by
structuring our brains and bodies.

Research in social genomies has now elearly estublished that
our interpersonal world exerts hiologieally significant effeets on
the molecular composition of the human body. These effects
typieally target a nonrandom approximately 19 of the human
genome {though often a different 1% depending upon the soeial
vircumstances and cell type studied). Major topies for future

exploration will involve determining which particular genes are
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subjeet to social regulation, what types of social conditions elicit
such dynamies, which psychologieal and hiologieal pathways
mediate those effects, and which DNA polymorphisms moderate

or intensify their impact.
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