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inflammation, and ERVs with preserved open reading frames may
even generate inflammatory retroviral
proteins.
Concern over ERV oncogenesis was a
major feature of early ERV research,
and paleovirology offers a model that
may explain the role of ERVs in the
limited cancer protection seen in females. ERV phylogenies distinguish
between recently endogenized ERVs
with oncogenic potential, and the
more ancient ones which appear to
be ‘domesticated.’ The 1500 ERVs
from early anthropoid endogenization
that are now integrated into p53 binding sites [7], and the antitumor activity
of derepressed ERV dsRNA [12],
suggest a protective role in intracellular monitoring of disruptive expression patterns in cancer. ERVs endogenized since the Pliocene or later,
like some ERV-K lineages, are more
likely to retain functional open reading
frames, and are associated with
cancers in both sexes (including
breast, lung, skin, and prostate cancer), and by a shared nuclear
receptor superfamily may also drive
thyroid cancer.
While conservation of sex-differentiated gene expression appears to substantially predate the endogenization
of retroviruses into the eutherian lineage, the reproductive and regulatory
roles into which ERVs have been exapted in the human lineage appear to
have set up the perfect storm for female-biased autoimmune disease.
The ongoing process of exaptation
continues to drive unique adaptive
compromises that yield benefits for
both ERV and host genes, and the
timeline for this exaptation sheds light
on strategies we may use in fighting
autoimmune diseases and cancer.
The research implications are far
reaching, and the biomedical implica2

tions for direct intervention, including
epigenetic pharmacology, ERV vaccines, and ERV-protein antibody therapy, are already beginning to yield
promising results.
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Endogenous
Retroviruses and the
Pregnancy
Compensation
Hypothesis: A Reply
to David
Heini Natri,1,2 Angela R. Garcia,1,2
Kenneth H. Buetow,1,2
Benjamin C. Trumble,2,3
and Melissa A. Wilson1,2,*
Mr M. David responded to our
recent article in which we introduce
the Pregnancy Compensation Hypothesis. Mr David writes to bring up the
role of endogenous retroviruses (ERVs)
in the evolution of placentation. While
the mechanistic evolution of the machinery to build the placenta as an organ was out of the scope of our original
article, we agree that the role of ERVs in
evolution of the placenta and immune
modulation is an interesting subject
that may provide useful insights into
the evolutionary mechanisms contributing to sex differences in gene expression, immune functions, and disease
prevalence.
The function of ERVs as regulators of
gene expression is well established.
Recent studies have mapped ERV insertions associated with complex phenotypes, in particular, neurologic and
immunologic diseases [1]. Notably, an
ERV HERV-Fc1 in the X chromosome
has been linked with multiple sclerosis
[2]. The accumulation of ERVs in the
sex chromosomes may contribute to
sex-specific gene expression and sex
biases in complex phenotypes.
ERVs have accumulated in unique ways
on the X and Y chromosomes. ERVs
appear to have a substantial role in the
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evolution of the Y chromosome: the Y
chromosome and autosome 19 have
accumulated more ERVs than other chromosomes [3]. Additionally, Sin et al.
(2010) discovered that copies of the human ERV HERV-K14C are disproportionately abundant in the Y chromosome,
and transcripts of this ERV are exclusively
expressed in the testis [4]. Phylogenetic
analysis of the long terminal repeats of
the HERV-K14C on the Y chromosome
suggests a role of this ERV in the diversification of the Y chromosome during primate evolution. However, the role of
these ERVs in regulating male-specific
gene expression, particularly in the immune system, has not been extensively
investigated.
Studies on nonhuman species indicate
that ERV integration may have a
role in sex-chromosome evolution and
sex-biased gene expression across
mammalian species. Canine ERVs predominantly reside in the X chromosome
and may impact gene expression [5].
Furthermore, retrotransposons, such
as LINE elements, are particularly abundant in the X chromosome and may
have a substantial role in X chromosome inactivation [6,7]. Still, the overall
impacts of ERV integration on immune
gene expression across taxa, populations, and tissues remain unclear.
Overall, ERVs are important for
understanding the evolution of the
placenta, are nonrandomly distributed
throughout the genome, may have a
role in the evolution of sex chromosomes, and thus may contribute to sex
differences in immune functions.
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Evolution of Immune
Sexual Dimorphism in
Response to Placental
Invasiveness:
A Response to Natri
et al.
Shirley Greenbaum1,*
and Gili Greenbaum2
In their recent article in Trends in
Genetics, Natri et al. [1] addressed
differences between sexes in rates of
cancers and autoimmune diseases.
They described the pregnancy compensation hypothesis (PCH), which suggests that these differences can be explained by evolved immune sexual
dimorphism and life-history changes in
modern societies. While we find their

evolutionary approach interesting, we
would like to highlight two important
reservations to the PCH: (i) the suggested immune response to presumably low parity in modern societies is
difficult to reconcile with our current
understanding of immune mechanisms;
and (ii) the hypothesis is inconsistent
with a large body of epidemiological
observations.
The PCH comprises two parts. The first
suggests that increased exposure of
the maternal immune system to fetal
cells in humans led to the evolution
of immune sexual dimorphism (Figure 1). To support pregnancies, females evolved immune tolerance to
increased placental invasiveness, while
this immune tolerance would be unnecessary in males. The second part
of the PCH suggests that decreased
pregnancy rates in modern societies
led to immune systems expecting a
stimulus (foreign fetal cells), which fails
to arrive. This, according to the PCH,
leads to dysregulation of the immune
system, making it undampened and
aggressive, resulting in differences in
rates of cancer and autoimmune
diseases.
The first part of the PCH is certainly
plausible; to consider the plausibility
of the second part, we could examine
the immune-system attributes that it
implies. The PCH links together three
components: (i) privation of pregnancy
stimulus; (ii) loss of self-tolerance; and
(iii) autoimmune diseases. Examples of
immune dysregulation triggered by
privation of stimuli are rare, with the
hygiene hypothesis, mentioned by
Natri et al., being the main example.
Under this theory, privation of infectious stimuli during childhood results
in a Th2-biased immune response, and
increased atopy rates. Self-tolerance,
the second component in the argument, is established during infancy in
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