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The conceptual relationship between genes
and the social world has shifted significantly
during the past 20 years. As genes have come
to be understood in concrete molecular terms,
rather than as abstract heritability constructs, it
has become clear that social factors can play
a significant role in regulating the activity of the
human genome. DNA encodes the potential for
cellular behavior, but that potential is only
realized if the gene is expressed—if its DNA is
transcribed into RNA (Figure 1). RNA and its
translated proteins are what mediate cellular
behaviors such as movement, metabolism, and
biochemical response to external stimuli (e.g,,
neurotransmission or immune response). Ab-
sent their expression in the form of RNA, DNA
genes have no effect on health or behavioral
phenotypes. The development of DNA micro-
array and high-throughput RNA sequencing
technologies now allows researchers to survey
the expression of all human genes simulta-
neously and map the specific subset of genes
that are active in a given cell at a given point in
time—the RNA “transcriptome.” “Functional
genomics” studies surveying RNA transcrip-
tomes have shown that cells are highly selective
about which genes they express, and humans’
DNA encodes a great deal more genetic po-
tential than is actually realized in RNA. Even
more striking has been the discovery that the
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Recent analyses have discovered broad alterations in the expression of human
genes across different social environments. The emerging field of social
genomics has begun to identify the types of genes sensitive to social regulation,
the biological signaling pathways mediating these effects, and the genetic
polymorphisms that modify their individual impact. The human genome
appears to have evolved specific “social programs” to adapt molecular physi-
ology to the changing patterns of threat and opportunity ancestrally associated
with changing social conditions. In the context of the immune system, this
programming now fosters many of the diseases that dominate public health. The
embedding of individual genomes within a broader metagenomic network
provides a framework for integrating molecular, physiologic, and social per-
spectives on human health. (Am J Public Health. 2013;103:S84-S92. doi:10.2105/

social world outside one’s body can markedly
influence these gene expression profiles.

This article reviews the emerging field of
human social genomics, including its recent
scientific development, some developing
themes regarding the number and nature of
“socially sensitive” genes, and emerging data on
the psychological, neural, and endocrine sig-
naling pathways that mediate social influences
on gene expression. The presentation also
considers some evolutionary theories regard-
ing the teleology of such “social signal trans-
duction” and the implications of these dynam-
ics for environmental programming of human
development and life-span health trajectories.
The role of gene polymorphisms (genetics) in
modulating individual genomic sensitivity to
socioenvironmental influences is considered, as
are implications of social genomic relationships
for public health and policy, including optimal
intervention strategies, new opportunities for
integrating social genomics into epidemiology,
and implications of a public health perspective
for understanding how individual human ge-
nomes cross-regulate one another in the con-
text of social networks (i.e., social regulation of
the human “metagenome,” or the collective
system of individual human genomes). Social
genomics research provides a concrete molec-
ular framework for understanding the

long-observed relationship between social
conditions and the distribution of human
health and disease.>™

SOCIAL REGULATION OF GENE
EXPRESSION

The possibility that social factors might
regulate gene expression first emerged in the
context of studies analyzing the effects of stress
and social isolation on viral gene expression
(e.g., in herpes simplex viruses,” ™ HIV-1,/#7°

616 cytomegalovirus,®!” and

Epstein-Barr virus,
the Kaposi’s sarcoma—associated human her-
pesvirus 8'®). Viruses are little more than small
packages of 10 to 100 genes that hijack the
protein production machinery of their host
cells to make more copies of themselves. As
obligate parasites of human host cells, human
viruses have evolved within a microenviron-
ment structured by our own genome. If social
factors can regulate the expression of viral
genes, our own complement of approximately
21 000 genes is likely to be regulated in
significant ways as well.'”

One of the first studies analyzing the in-
fluence of social factors on the human tran-
scriptome compared gene expression profiles
in peripheral blood leukocytes from healthy
older adults who differed in the extent to which
they felt socially connected to others.> Among
the 22 283 transcripts assayed, 209 showed
systematically different levels of expression in
people who consistently reported feeling lonely
and distant from others over the course of 4
years (Figure 2). These effects did not involve
a random smattering of all human genes but
instead had a focal impact on 3 functionally
related groups of genes, or “gene programs.”
Genes supporting the early “accelerator” phase
of the immune response—inflammation—were
selectively up-regulated. Down-regulated were
genes involved in innate antiviral responses
(particularly type I interferons) and genes
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Note. Socioenvironmental conditions regulate human gene expression by activating central nervous system processes that
subsequently influence hormone and neurotransmitter activity in the periphery of the body. Peripheral signaling molecules
interact with cellular receptors to activate transcription factors, which bind to characteristic DNA motifs in gene promoters to
initiate (or repress) gene expression. Only genes that are transcribed into RNA actually have an impact on health and
behavioral phenotypes. Individual differences in promoter DNA sequences (e.g., the [G/C] polymorphism shown here) can
affect the binding of transcription factors and thereby influence genomic sensitivity to socioenvironmental conditions.

FIGURE 1—Social signal transduction.

involved in the production of specific anti- up-regulation of pro-inflammatory genes and

body isotypes by B lymphocytes (particularly =~ down-regulation of antiviral and antibody-

immunoglobulin G). This complementary related genes provided a molecular framework
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for understanding the previously puzzling
epidemiological observations that social iso-
lation is associated with diseases that involve
both up-regulated immune function (inflam-
mation-related diseases such as heart disease,
neurodegenerative diseases, and some types of
cancer) and down-regulated immune function
(reduced responses to vaccines and viral in-
fections in particular). This specific proinflam-
matory/anti-antiviral shift in the basal leuko-
cyte transcriptome showed that social
adversity is not broadly immunosuppressive,
as had previously been hypothesized, but in-
stead selectively suppresses some groups of
immune-response genes (e.g., type I inter-
ferons and specific immunoglobulin genes)
while simultaneously activating others

(e.g,, proinflammatory cytokines).

A similar pattern of pro-inflammatory/anti-
antiviral transcriptome skewing has since been
observed in leukocytes sampled from people
exposed to a diverse array of adverse life
circumstances such as imminent bereave-
ment, ' traumatic stress,** social isolation,*?

24-26 9nd can-

low socioeconomic status (SES),
cer diagnosis.*” Similar dynamics have also
been observed in experimental animal models
of social instability, low social rank, and re-
peated social defeat.?®° The mammalian
immune system appears to have developed

a conserved transcriptional response to adver-
sity (CTRA) that induces a pro-inflammatory/
anti-antiviral skew in the circulating leukocyte
transcriptome whenever environmental condi-
tions are experienced as threatening, stressful,

or uncertain for an extended period of time.*°

78
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expression in a given participant’s leukocyte sample.
Source. Adapted from Cole et al.%

Note. Red = high expression; black = intermediate expression; green = low expression. Expression of 22 283 human gene transcripts was assayed in approximately 10 million blood leukocytes
sampled from each of 14 older adults who showed consistent differences over 4 years in their level of subjective social isolation. Two hundred nine gene transcripts showed differences of 30% or
more in average expression level in leukocytes from 6 people experiencing chronic social isolation versus 8 people experiencing consistent social integration. In this heat plot, each row represents
data from 1 of the 14 study participants, each column contains expression values for 1 of the 209 differentially active genes, and the coloring of each cell represents the relative level of that gene’s

FIGURE 2—Social regulation of gene expression in human immune cells.
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Although different types of social adversity can
activate a common CTRA, their transcriptional
effects are by no means identical because each
context generally activates some distinctive
transcriptional responses as well.!

Laboratory gene regulation analyses have
suggested that the common transcriptional
components of the CTRA likely stem from the
fact that diverse types of social risk factors can
induce common neural and hormonal stress
responses.>°~? For example, catecholamine
neurotransmitters released during fight-or-
flight stress responses can directly modulate
the transcription of several key master regula-
tor genes that orchestrate the activity of broad
sets of inflammatory and antiviral genes (e.g.,
ILIB, IL6, and IFNB).!*?83933 Randomized
controlled studies have also shown that stress-
reducing interventions can reverse CTRA-
related transcriptional dynamics to down-
regulate pro-inflammatory genes and up-
regulate genes involved in type I interferon
responses.””** These stress-induced changes
in immune-cell gene expression provide
a molecular framework for understanding
why diverse types of social adversity come to
be associated with a common set of diseases
ranging from asthma and viral infections to
cancer and cardiovascular disease.>”

Transcriptome profiling of other tissues and
organs has shown that social influences can
penetrate remarkably deeply into the body.
Adverse social conditions have been linked to
gene expression alterations in the central ner-

35,36

vous system, peripheral organs such as the

14,28

lymph nodes and spleen, and diseased

tissues such as ovarian carcinomas, prostate
cancers, and ischemic brain injuries.*” =39
Given the much smaller number of social
genomics studies targeting solid tissues and the
relative difficulty in ascertaining the functional
significance of specific transcriptional alter-
ations outside the well-charted territories of the
immune response, it is not yet clear what basic
gene programs are being activated in these
other tissue contexts (e.g., are they defense
responses analogous to the leukocyte CTRA?).
However, the widespread penetrance of social
conditions into gene regulatory dynamics in
diverse tissue sites raises the question of how
such external social stimuli are physically
transduced into biochemical dynamics that can
proximally regulate gene transcription within
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the nuclei of diverse cell types distributed
widely throughout the body. New insights into
this question have come from bioinformatic
analyses of social signal transduction.

SOCIAL SIGNAL TRANSDUCTION

Biologists have traditionally construed signal
transduction as the biochemical processes that
translate extracellular signals, such as hor-
mones or neurotransmitters, into changes in
gene expression through the activation of pro-
tein transcription factors that bind to DNA and
flag it for transcription into RNA (Figure 1).
Social signal transduction extends this analysis
to include the upstream neural dynamics that
translate social conditions into systemically
distributed signaling molecules (e.g,, release of
norepinephrine during fight-or-flight stress re-
sponses) and to include the specific down-
stream gene modules that are activated by
a given transcription factor. For example, when
norepinephrine is released from the sympa-
thetic nervous system during fight-or-flight
stress responses, cells bearing -adrenergic re-
ceptors translate that signal into activation of
the transcription factor cyclic 3'-5" adenosine
monophosphate response element-binding
protein (CREB).*° Activated CREB proteins
can up-regulate the transcription of hundreds
of cellular genes.* Which genes can be acti-
vated by CREB is determined by the nucleotide
sequence of the gene’s promoter—the stretch of
DNA lying upstream of the coding region of
the gene that is transcribed into RNA. For
example, CREB binds to the nucleotide motif
TGACGTCA, whereas the microbe-responsive
transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB)
targets the motif GGGACTTTCC. These 2
transcription factors are activated by different
receptor-mediated signal transduction path-
ways, providing distinct molecular channels
through which specific extracellular signaling
molecules and, by extension, their specific
upstream environmental triggers, can regulate
intracellular genomic response. The distribu-
tion of transcription factor-binding motifs
across humans’ approximately 21 000 gene
promoters constitutes a “wiring diagram” that
maps specific types of environmental processes
(e.g., infection vs a fight-or-flight stress re-
sponse) onto a specific pattern of genome-wide

transcriptional response (e.g., CREB vs NF-xB
target genes). In that sense, each transcription
factor can be said to represent some type of
evolutionarily significant characteristic of the
environment outside the cell (e.g., CREB=
threat or stress, NF-kB =microbe or damaged
cell), and the distribution of specific transcrip-
tion factor-binding DNA motifs across the
promoters of humans’ approximately 21 000
genes can be understood as an evolved “wis-
dom of the genome” regarding which genes
should be activated to optimally adapt to that
environment.

Biological signal transduction research has
generally emphasized the role of the physico-
chemical or microbial stimuli in transcription
factor activation, but studies of social signal
transduction have suggested that subjective
psychological interpretations of the external
environment can also play a significant
role in regulating gene expression pro-
files.>%3142 For example, activation of the
leukocyte CTRA is often more strongly linked
to subjective perceptions of the environment
than it is to objective environmental condi-
tions, 202123263042 5,4 CTRA transcriptome
skewing can be reversed by psychological
interventions that target those subjective psy-
chological experiences.?”** In studies of social
connection, for example, the subjective expe-
rience of loneliness is associated with twice as
many differentially expressed genes as is the
objective frequency of social contacts,>>* and
psychological interventions that reduce sub-
jective loneliness are associated with concom-
itant reductions in pro-inflammatory gene
expression.** In women with early-stage
breast cancer, CTRA transcriptional profiles
are also more strongly associated with the
subjective degree of life threat women expe-
rience than with objective measures of disease
severity such as tumor grade or stage, and
cognitive—behavioral stress management in-
terventions can reverse that threat-related
transcriptome skewing?” In children with
asthma, SES-related perceptions of the social
world as hostile or threatening are more
strongly linked to leukocyte transcriptional
alterations than are objective measures of SES
such as household income.?® Objective fea-
tures of the environment such as the number
of interpersonal contacts are, of course, asso-

ciated with variations in gene expression.?%%3
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However, subjective social experience also
plays a significant role, and the effects of
subjective and objective conditions are often
transduced into gene expression via different
molecular signaling pathways.

The combination of genome-wide transcrip-
tional profiling with promoter-based bioinfor-
matic analyses has greatly accelerated the
identification of the specific transcription fac-
tors that translate subjective social experience
into the activation of specific gene programs.®!
This approach first identifies the subset of
genes that is differentially expressed in re-
sponse to an environmental risk factor (e.g.,
social isolation) and then scans the promoters
of those differentially expressed genes for
transcription factor—binding motifs that are
substantially overrepresented relative to their
prevalence across the genome as a whole and
might thus reveal which specific transcription
factors induced the observed transcriptional
alterations.*> For example, the subset of genes
up-regulated in tissues from people experienc-
ing significant social adversity often show
a higher prevalence of CREB—target promoter
sequences than is found across the population
of all human genes,?*>® implying that CREB
may have played a role in activating that
specific gene program. That inference is con-
sistent with CREB’s known role in mediating
the gene transcriptional effects of B-adrenergic
receptor signaling in response to catechol-
amines produced during fight-or-flight stress
responses.*” In the context of the leukocyte
CTRA, promoter-based bioinformatics analy-
ses have repeatedly implicated increased
NF-«B transcription factor activity in the
pro-inflammatory gene responses and de-
creased signaling by interferon regulatory fac-
tor family transcription factors in the decreased
antiviral gene component.>*"42

Promoter-based bioinformatics have also
revealed some more surprising differences
between the hormonal signals sent by the brain
and the transcriptional signals heard by the
human genome. In studies of chronic social
isolation, impending bereavement, posttrau-
matic stress disorder, and low SES, promoter
bioinformatics have indicated decreased activ-
ity of the anti-inflammatory glucocorticoid re-
ceptor (GR) in association with the leukocyte
CTRA.29-2225 Under normal circumstances,
activation of the GR by cortisol from the
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hypothalamic—pituitary—adrenal (HPA) axis
would both stimulate the expression of anti-
inflammatory GR target genes and cross-inhibit
the pro-inflammatory NF-«xB transcription fac-
tors. However, in people experiencing chronic
stress, both of those dynamics appear to be
blunted, resulting in a net pro-inflammatory
skew in the leukocyte transcriptome.* None
of these studies found decreases in HPA axis
output of cortisol that might explain the
reduced levels of GR activity. Instead, the
explanation appears to involve a stress-induced
reduction in the GR’s sensitivity to cortisol—
rendering the leukocyte transcriptome partially
deaf to the HPA axis’s request to down-regulate
pro-inflammatory genes via glucocorticoid
output.?%?! A similar glucocorticoid desensiti-
zation dynamic has been observed in mice
repeatedly exposed to social stress.**™*® In
addition to clarifying the molecular origin of
the leukocyte CTRA, these findings also high-
light a broader possibility that measuring blood
levels of hormones, neurotransmitters, and
other extracellular signaling molecules may
miss some important receptor-level influences
on the transcriptional mediators of health and
disease. Transcriptome-based bioinformatic
assessment of social signal transduction pro-
vides an integrated measure of both pre- and
postreceptor dynamics at the level that matters
most for the molecular biology of disease—gene
expression.

Epigenetic dynamics provide another path-
way by which social environments might
potentially regulate gene expression.*”*8
Epigenetic influences involve biochemical
modifications of DNA such as methylation or
histone protein engagement that block gene
transcription without altering a gene’s DNA
sequence.*® Research with experimental ani-
mal models has linked favorable social condi-
tions (e.g., maternal licking of rat pups, high
social rank in monkeys) to altered patterns of
DNA methylation and gene expression in im-
mune cells*® and brain structures such as the
hippocampus.>>*7 Correlational human stud-
ies have documented associations between
DNA methylation profiles and socioenviron-
mental risk factors such as low SES and child-
hood stress exposure.’®~>? Although environ-
mental factors clearly influence epigenetic
dynamics in human immune cells,>®> much
remains to be learned about the signaling
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pathways that mediate such dynamics and their
functional role in social regulation of human
gene expression.”*

EVOLUTION OF SOCIAL
PROGRAMMING

As social genomics studies map the particu-
lar gene programs that are empirically sensitive
to social conditions, new theoretical analyses
are emerging to explain why such connections
may have evolved in the first place (i.e., the
teleological basis for social programming of the
human genome). In the context of the leukocyte
CTRA, for example, social adversity redeploys
the leukocyte’s basal transcriptional resources
away from antiviral defenses and toward
pro-inflammatory gene products that protect
the body against bacterial infections. This shift
in the leukocyte’s basal transcriptional stance
may have been adaptive under Pleistocene
hunter—gatherer conditions in which the social
ecology outside the body played a major role in
shaping the pathogen ecology within the body.

Homo sapiens is a distinctively social organ-
ism,>® and its highly social life history strategy
has conferred substantial adaptive advan-
tages®® at the price of increased vulnerability to
socially transmitted infectious diseases.”” Viral
infections, for example, are predominately
transmitted through extended periods of close
social contact,””*® so it would be highly adap-
tive for an intrinsically social organism to
evolve a strong antiviral bias as its default
immune response bias. However, when the
social world turns hostile and individuals either
are isolated or confront conspecific aggression
(i.e., feel threatened), the risk of wound-
mediated bacterial infection increases dramat-
ically, and it would be adaptive to temporarily
redeploy leukocyte transcriptional resources
toward inflammatory defenses against bacterial
infection by linking pro-inflammatory gene
expression to B-adrenergic fight-or-flight sig-
naling 233

Such social programming of immune re-
sponse biases may well have been adaptive
during humans’ hunter—gatherer prehistory,
but in the context of more complex and un-
stable contemporary social systems the con-
nection of experienced threat, stress, or un-
certainty to pro-inflammatory/anti-antiviral
transcriptional skewing primes the human
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immune system to promote inflammation-
related cardiovascular, metabolic, neurode-
generative, and neoplastic diseases while leav-
ing it relatively unresponsive to viral infections.
Similar social programming is likely to have
evolved for other adaptively significant cell
populations, such as the nervous and repro-
ductive systems, and awaits more extensive
social genomics studies to define both its
genomic scope and its teleological rationales.

ENVIRONMENTAL EMBEDDING IN
DEVELOPMENT

To the extent that external social conditions
affect gene transcription at one point in time,
the persistence of its protein products and the
feedback-rich regulatory architecture of gene
expression can propagate such influences over
time to generate a persisting molecular “mem-
ory” of previous environmental conditions
(i.e., embedding environmental influences into
the molecular development of the individ-
ual).*”°97%! Compared with other biochemical
response systems such as protein phosphory-
lation, neural and muscular activation, or ion
flux, gene transcription occurs slowly (up-reg-
ulating over 0.5-2 hours) and yields proteins
that can persist for weeks or years afterward
(the average half-life of a human protein is
about 80 days). Some gene expression dy-
namics are also recursively stimulated by their
own products and can thus self-propagate over
time once initiated. Many pro-inflammatory
cytokines, for example, activate the same signal
transduction pathways that trigger their initial
transcriptional activation in response to cell
damage or microbes and can thus self-
propagate over time. A second level of extrinsic
feedback can occur when the molecular
changes induced by one environmental expo-
sure affect the types of environments the in-
dividual gravitates toward in the future or the
nature of the individual’s biological or behav-
ioral responses to subsequent environmental
exposures (Figure 3). One way this occurs is
when social signal transduction modulates the
expression of genes, which themselves play
a role in mediating social signal transduction
(e.g., genes encoding signaling molecules, re-
ceptors, and transcription factors). The RNA
“output” from one round of social signal trans-
duction becomes an “input” into subsequent
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Note. Social conditions at one point in time (Environment,) are transduced into changes in behavior (Behavior;) and gene
expression (RNA;) via central nervous system perceptual processes that trigger systemic neural and endocrine responses
(mediated by Body;). Those RNA transcriptional dynamics may alter molecular characteristics of cells involved in
environmental perception or response, resulting in a functionally altered Body,. Body, may respond differently to a given
environmental challenge than would the previous Bodyj, resulting in different behavioral (Behavior,) and RNA transcriptional
responses (RNA,). The persisting effect of RNA transcriptional dynamics on cellular protein and functional characteristics
provides a molecular framework for understanding how socioenvironmental conditions in the past may continue to affect
current behavior and health and how those historical conditions interact with current environments to shape one’s future
trajectories (e.g., Bodys, Behaviors, RNA3). Because gene transcription serves as both a cause of social behavior (by shaping
Body) and a consequence of social behavior (a product of environment X body), RNA constitutes the physical medium for
a recursive developmental trajectory that integrates genetic characteristics and historical-environmental regulators to
understand individual biological and behavioral responses to current environmental conditions.

RNA,

rounds and thereby modifies the input—output
relationship between subsequent environmen-
tal exposures and subsequent gene expression
responses. As a result of the long intrinsic
duration of gene expression effects and their
capacity to self-propagate, environmental ex-
posures that occur early in life can become
embedded in an individual’s developmental
trajectory.!*#425:69.62.63 gych dynamics are
hypothesized to stretch back as far as the fetal
environment and its role in shaping biological
development and subsequent adult vulnerabil-
ity to disease (i.e., the fetal programming hy-
pothesis).®*

One health-relevant example of socioenvir-
onmental embedding involves the ability of
chronic social stress to up-regulate transcrip-
tion of the NGF gene and thereby enhance the
growth of sympathetic nerve fibers in the
lymph node tissues that structure the develop-
ment of immune responses.'* Expressed in
terms of the system outlined in Figure 3, NGF-
induced up-regulation of lymph node innerva-
tion at Time; can persist for weeks, providing
a denser neural network through which sub-
sequent social stress at Time, can distribute
norepinephrine to lymph node-resident im-
mune cells. These arborized neural fibers also

FIGURE 3—RNA as a molecular medium of recursive development.

produce more NGF and thus perpetuate their
own arborization. The increased norepineph-
rine release from these neural fibers inhibits
transcription of the /FINB gene, which would
otherwise play a key role in initiating antiviral
responses.'*33%% As a result, the immune
system responds less effectively to a new viral
exposure (e.g., Time, or Times) than it would
have if the individual had experienced a more
favorable social history at Time;. The remod-
eling of lymph node sympathetic innervation in
response to social stress—induced NGF pro-
duces a chronic activation of CTRA transcrip-
tional dynamics and thus undermines future
antiviral responses. As such, the individual’s
response to a viral infection encountered today
is shaped both by the nature of that virus and
by the transcriptome’s “memory” of previous
environmental conditions encountered over
the individual’s life history.
Socioenvironmental conditions can also
regulate the molecular composition of central
nervous system cells and thereby alter psy-
chological and behavioral responses to future
environments.**®° Because the molecular
composition of one’s cells constitutes the
physical machinery by which one perceives
and responds to the surrounding world (“Body”
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in Figure 3), and that molecular composition is
itself subject to remodeling by socioenviron-
mental influences, gene expression constitutes
both a cause and a consequence of behavior.
RNA can be construed as the physical medium
of a recursive developmental system in which
social, behavioral, and health outcomes at one
point in time also constitute inputs that shape
one’s future responses to the environment (e.g.,

as in Heckman’s®®

model of human capability
development, which analyzes how capacities
developed at Time; have an impact on one’s
ability to capitalize on environmental opportu-
nities at Time,). Viewed from another perspec-
tive, the evolution of the RNA transcriptomes
within the body provides a kind of molecular
record of an individual body’s cumulative ad-
aptation to the history of environmental expo-
sures that it has encountered, in much the same
way as the evolution of a species’ DNA genome
records the history of its adaptation to the
environmental exposures it has encountered
over the course of its evolutionary history.

THE NEW GENETICS

The growing ability to trace social signal
transduction to the molecular level is also
providing new opportunities to understand and
predict gene X environment interactions
through computational modeling of their mo-
lecular underpinnings. One approach uses
promoter-based bioinformatics to identify so-
cially responsive transcription factors as out-
lined earlier (i.e., the biochemical representa-
tion of the “environment”) and then scans the
promoter of each human gene to identify
known genetic polymorphisms that might alter
the binding of an environmentally responsive
transcription factor (i.e., a regulatory polymor-
phism).?® One recent analysis first identified
the GATA1 transcription factor as a mediator
of fight-or-flight stress responses and then
scanned predicted GATA1 target genes for
polymorphisms that might affect GATA1
binding (Figure 3). A G/C substitution 174
bases upstream of the transcription start site for
the human /L6 gene was identified as poten-
tially inhibiting GATA1 binding and thereby
disconnecting this key pro-inflammatory gene
from socioenvironmental regulation.>® Labo-
ratory biochemical analyses confirmed that
the —174C allele of the IL6 promoter showed
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reduced transcriptional responsiveness to
B-adrenergic receptor activation of GATA1,
and in vivo molecular epidemiology confirmed
that people bearing the GATA1-insensitive
—174C allele were protected against the in-
creased risk of inflammation-related mortality
associated with significant life adversity.®
Maximal expression of /L6 required both an
environmentally sensitive genotype (IL6
—174G) and its functional activation by an
adverse environment (sympathetic nervous
system—f-adrenergic receptor—-GATA1 signal-
ing). The IL6 regulatory polymorphism blocks
the capacity of adverse environmental condi-
tions to activate the expression of this key
disease-related gene and thus renders carriers
less vulnerable to socioenvironmentally medi-
ated health risks.

Computational discovery of the social ad-
versity X IL6 —174G/C interaction helped
clarify several outstanding questions regarding
genetic influences on health at the population
level. Discovery that the IL6 gene requires an
environmental releaser to manifest its effects
clarified the basis for the incomplete penetrance
of IL6 polymorphism into disease phenotypes
(ie., clarified the nature of genetic influence)
and provided a genetic mechanism for individ-
ual variation in health sensitivity to adverse
environments (i.e., clarified the nature of envi-
ronmental influence). Identification of the spe-
cific biochemical signaling pathway conveying
environmental adversity into gene expression
dynamics also suggested new strategies for
mitigating their jointly produced health risks
(e.g., pharmacologic blockade of p-adrenergic
receptor signaling).28*¢67:68 In integrating the
molecular biology of gene structure (DNA), the
environmental control of gene expression
(RNA), and the social biology of individual
behavior and survival, the /L6 regulatory poly-
morphism exemplifies a new “environmentally
conscious” conception of genetics in which
cellular and organismic behaviors constitute the
fundamental units of evolutionary selection,
and genes and environments depend mutually
on one another to shape those behaviors by
structuring humans’ brains and bodies.

LIMITATIONS AND OPPORTUNITES

The first generation of social genomics
studies has opened new vistas on the
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connection between the human genome and its
social environment, but a great deal remains to
be clarified, and the existing literature needs to
strengthen in several ways. Because of the
substantial expense and technical demands of
early microarray assays, first-generation social
genomics studies involved small cross-sectional
analyses with limited assessment of the socio-
environmental confounders, rendering the
causal relationships unclear. As second-
generation technologies have lowered cost
and technical burden, studies of larger
samples and experimental studies have be-
come available.?%%%29:%9 Results of these
second-generation studies have broadly
replicated the pattern of results from first-
generation studies (e.g., compare social isolation
CTRA dynamics in Cole et al.>® at n=14 with
Cole et al.*® at n=93 or rural- and urban-
related differences in Idaghdour et al.”® at n=
46 with Idaghdour et al.®® at n=194). The
surprising precision of genomic analyses in small
samples stems in part from the statistical advan-
tages of treating thousands of individual genes
as multiple noisy indicators of shared higher
order “themes” regarding common biochem-
ical functions, transcription factor targets, and
cellular origins of gene expression.>!

Second-generation studies have also in-
cluded randomized intervention studies show-
ing that adverse social conditions can causally
activate the CTRA in animal models®®%%%3
and that psychologically targeted interventions
can causally reduce the CTRA in human
clinical studies.*”**"* However, a great need
remains for large-scale longitudinal studies in-
volving broader assessment of the social envi-
ronment throughout the life course,®" as well as
large-scale intervention studies to more deci-
sively define the causal effects of social and
psychological processes; identify their mediat-
ing neural, endocrine, and transcription factor
pathways; and test candidate health-protective
interventions.>° There is also a great need to
expand the range of tissues studied beyond the
convenient pool of circulating leukocytes to
encompass a broader array of health-relevant
organs as well as the nervous and endocrine
systems that play a central role in mediating
human biological adaptation to the social en-
vironment. Given these limitations, the sub-
stantive themes summarized in this review
should be considered researchers’ best
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available understanding, but an understanding
that will surely undergo substantial revision as
the empirical literature deepens over time.

IMPLICATIONS FOR PUBLIC HEALTH

Social regulation of human gene expression
implies that many aspects of individual health
actually constitute a form of public health in the
sense that they emerge as properties of an
interconnected system of human beings. Some
of one’s genes operate differently depending on
the presence of other people and their (sub-
jectively perceived) implications for one’s own
fitness outcomes such as survival and repro-
duction. As a result, some of the regulatory
architecture of the human genome lies outside
of the cell in the constraints and affordances
present in the social ecology and in people’s
subjective perceptions and interpretations of
those ecologies. From this perspective, indi-
vidual genomes constitute elements of
a broader human metagenomic network
(i.e., an interconnected system of related ge-
nomes) in which some gene regulatory dy-
namics represent emergent properties of the
system as a whole.”? Public health can thus be
understood as a metagenomic dynamic in
which fast-evolving cultural systems interact
with slowly evolving (but very long-memoried)
human genomes and more rapidly evolving
pathogen genomes to produce a pattern of
RNA transcriptional responses across a net-
work of elements whose individual properties
vary as a function of both genetic and envi-
ronmental polymorphism.”~73

This conception of public health raises a host
of new conceptual questions, such as, Which
types of genes are subject to network-level
regulation? How are network transcriptional
dynamics affected by individual genetic char-
acteristics, by historical-developmental influ-
ences, or by network structural characteristics
such as linkage patterns, community blocks,
and individual linkage characteristics such as
centrality, density, or redundancy? Which
parts of the central nervous system transduce
social signals into gene expression changes?
What role does human culture play in meta-
genomic dynamics and individual social sig-
nal transduction?”>”® How has a socially
networked human genome shaped the de-
velopment of human social systems and
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gene—culture coevolution?”® Do individual
transcriptional alterations affect network
structure (e.g, via behavioral or biological
homophily or heterophily)? How do physi-
cochemical or microbial features of the en-
vironment interact with human social sys-
tems to regulate metagenomic systems?”>"°
Are these physical environmental influences
transmitted through different networks and
transduction pathways than are subjective or
symbolic social influences? How do positive,
supportive, or playful social interactions in-
fluence human gene expression (e.g., do they
simply abate the adversity-related dynamics,
as recently suggested for the leukocyte
CTRA,273* or does there exist a distinct set
of prosocial genes involved in the positive
neurobiological effects of social interac-
tion””)? As the next generation of social
genomics research begins to address these
questions, the integration of social network
analyses with individual social signal trans-
duction and the evolved social programming
of the human genome will open up an array
of new opportunities for synthesizing molec-
ular, organismic, and population-level ana-
lyses into a coherent overall understanding
of human health.

In addition to these conceptual advances,
new technological developments in gene ex-
pression profiling now offer new opportunities
to integrate genomics-based perspectives into
large-scale field epidemiology. First- and
second-generation social genomics studies re-
lied on laboratory-centered research para-
digms involving venipuncture blood samples
and technically intensive, time-sensitive RNA
extraction procedures. However, new devel-
opments in RNA stabilization chemistry and
enzymatic amplification of small RNA samples
now allow genome-wide transcriptome profil-
ing from more field-friendly sampling modes
such as saliva collection tubes, finger-stick
dried blood spots, and venipuncture blood
samples that can be mailed or stored for
months before processing. These technical in-
novations should allow widespread and eco-
nomical collection of transcriptome data from
epidemiological-scale samples (i.e., n=1000-
10 000) collected in their natural environ-
ments. Coupled with ongoing 10- to 100-fold
reductions in the cost of transcriptome profiling
and the emergence of automated data analytic

and bioinformatic interpretation systems, these
developments should allow public health re-
search to begin routinely integrating the deep
physiological, evolutionary, and molecular ge-
netic perspectives that were formerly the
province of basic laboratory research into
mainstream epidemiological analyses of human
host resistance and disease distribution. The
new substantive insights that emerge from
these field studies of the human genome will
also greatly enrich laboratory and clinical
studies by more clearly mapping the basic
functional relationships between human social
conditions and the activity of individual gene
programs.

As studies more definitively link specific
gene expression profiles to disease vulnerabil-
ity, field-based transcriptome profiling may also
provide a new form of molecular surveillance
that could potentially identify both overt dis-
ease states and host vulnerability conditions
that have not yet been converted into disease
(i.e., up-regulated inflammatory signaling or
impaired antiviral gene expression, as in the
CTRA). Such a molecular window into the
body could help guide public health interven-
tions and social policies to more proactively
address the general host resistance factors that
seem to precipitate multiple diseases? rather
than responding reactively to specific diseases
only after they clinically emerge. It might be
possible, for example, to use a CTRA profile as
an indicator of generalized host resistance or
vulnerability (i.e., a latent liability to disease)
that is assessed in parallel with realized disease
to help gauge the toxicity of various social or
geographic environments or the success of
public policies and interventions. In combina-
tion with the conceptual advances of
a network-level metagenomic approach to hu-
man health, researchers’ growing technical
capacity to gauge host resistance at a molecular
level before the onset of disease and within
the normal social ecology will help accelerate
the ongoing transformation of public health
from a disease-reactive model to a more pro-
active and health-centered approach that also
accounts for human vitality and physiological
resilience. ®
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