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Abstract

Transposons are playing an important role in the evolution of eukaryotic genomes. These endogenous virus-like elements
often amplify within their host genomes in a species specific manner. Today we have limited understanding when and how
these amplification events happens. What we do know is that cells have evolved multiple line of defenses to keep these po-
tentially invasive elements under control, often involving epigenetic mechanisms such as DNA-methylation and histone
modifications. Emerging evidence shows a strong link between transposon activity and human aging and diseases, as well
as a role for transposons in normal brain development. Controlling transposon activity may therefore uphold the fine bal-
ance between health and disease. In this article we investigate this balance, and sets it in relation to allostatic load, which
conceptualize the link between stress and the “wear and tear” of the organism that leads to aging and disease. We hypothe-
size that stress-induced retrotransposon reactivation in humans may be used to estimate allostatic load, and may be a pos-

sible mechanism in which transposons amplify within species genomes.
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Introduction

Ever since the stress concept was first seriously exploited by
Hans Selye in the 1950s it has been disputed. The classic ex-
ample of one of these disputes is how our bodies reacts to a roll-
ercoaster ride: you experience fears or trills, your blood pressure
goes up, heart rate increases, and your HPA-axis releases corti-
sol into your bloodstream. Typical symptoms of a stress re-
sponse, but was this a stressful experience? Was it bad for you?
Selye coined the words eustress and distress, simply meaning
positive and negative stress [1], in an attempt to resolve this
problem.

Today, to avoid misconceptions, stress is often described in
more neutral terms, as a processes in which external or internal

factors, positive or negative, may cause a threat to homeostasis
where the organism is forced to change its internal physio-
logical parameters to maintain stability (allostasis) [2]. But
maintaining stability through allostasis comes with a cost, the
allostatic load, which causes accumulated wear and tear on the
organism, and eventually leads to aging and disease [3, 4]. In na-
ture, allostatic load is directly related to a less fit organism, thus
the better an organism is genetically adapted to its current en-
vironment, the lower the allostatic load [5]. Allostatic load may
become very high if an organism is unable to cope with its en-
vironment, say that it is unable to escape climate change or
human exploitation [6]. In such scenarios, there are strong se-
lective pressures for populations to change and genetically
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adapt. In this paper we attempt to explore an emerging mech-
anism that we recently stumbled across when we studied
chronic cortisol exposure (the main human stress hormone) in
preschool children [7]: mammalian stressed-induced retro-
transposon (re)activation. This mechanism has the potential to
help us better understand the concepts of eustress and distress,
and the role of allostatic load in disease and evolution.

Presenting the transposable element

The basic principles about transposons have recently been re-
viewed elsewhere [8]. Transposons are virus-like elements that
are native to all eukaryotic genomes. Barbra McClintock who
discovered them in maize called them “jumping genes” because
of their ability to move within their host’s genome [9]. There are
two types: Class 1 retrotransposons that move through a copy
and paste mechanism, and Class 2 DNA-transposons that move
through a cut and paste mechanism. In most mammalian gen-
omes, which will be the main focus here, retrotransposons are
the most abundant [10]. Retrotransposons can be further div-
ided into long terminal repeats (LTR) such as many endogenous
retroviruses, or non-LTRs such as long and short interspersed
elements (LINE and SINE). LTR retrotransposons and some non-
LTR retrotransposons such as LINEs are autonomous, meaning
they carry their own reverse transcriptase that they use after
transcription (copy) to reintegrate themselves (paste) into a
novel location of their host’s genome. This makes them closely
related to retroviruses, which is very clear in some species
where they can become exogenous, viral, and infect other indi-
viduals, such as the porcine endogenous retrovirus in pigs or
gypsy in Drosophila [11, 12]. Other non-LTR retrotransposons are
non-autonomous, such as SINEs, meaning they do not carry
their own reverse transcriptase and are therefore dependent on
autonomous retrotransposons for their proliferation, thus are
sometimes called “a parasite’s parasite” [13, 14]. In most mam-
mal species non-autonomous retrotransposons such as Alu,
SVA and B1 often hijack the reverse transcriptase of the wide-
spread LINE1 (L1) elements.

The good side: transposons and evolution

While previously often described as “junk”, “selfish” or “para-
sitic” DNA, transposons are today known to play an important
role in gene evolution, not only by contributing with raw genetic
material, but also for donating functional elements such as pro-
moters and enhancers, and as mutagenic drivers for gene
knockouts, homologous recombination, and novel gene iso-
forms and splice variants [15, 16]; modifications which some-
times affect fitness [8]. In Drosophila, insertions of transposons
have been estimated to account for about half of all spontan-
eous phenotype-inducing mutations [17].

Broadening the perspective, it may be argued that the diver-
sity of transposable elements at least quantitatively marks spe-
cies differences better than do the much more genetically
conserved genes. In fact, between 40-50% of the human genome
originates from retrotransposons (much less DNA-transposons),
which may be compared to the 1.5% that codes for proteins
[14, 18]. This abundance is a result of recent or ongoing genomic
amplification events, where certain types of transposons be-
come reactivated in the germline of certain classes, families,
species or even strains of species. This is best described with
some examples.

The human genome has three known active retrotransposon
families: the evolutionary wide-spread L1 with more than

500 000 copies, the primate specific Alu (a SINE) with more than
1 million copies, and the SVA with about 3000 copies that is
only found in the great apes [14]. In other species other trans-
posons are active and contribute to genome amplification. The
mouse genome is for instance marked by recent activities of L1,
B1, IAP and MusD/ETn retrotransposons. It has been shown that
15% of all spontaneous germ-line mutations in laboratory mice
originate from IAP and MusD/Etn transpositions [19], and that
as much as 60% of the IAP and 25% of MusD/ETn are strain-
specific when comparing closely related mouse strains [20]. A
similar phenomena is observed in humans where one-third of
the human-specific L1 insertions differ between unrelated indi-
viduals, and where a novel L1 or Alu germline insertion is esti-
mated to occur in about every 100:th [21, 22] and 20:th [23] birth,
respectively. So active retrotransposons are highly polymorphic,
which means that they shape mammalian genomes as we
speak, but the impact of transposon invasion is probably best
illustrated in an invertebrate. In two Drosophila species, D. mela-
nogaster [24] and D. simulans [25] the P element (a cut and paste
DNA-transposon) have independently invaded their genomes
within a few decades; during the time we have studied them in
the lab.

Furthermore, the LINE class of autonomous retrotrans-
posons is particularly interesting in mammalian evolution since
it is highly active in most mammals but not in bats, in which it
has become extinct [26]. The reason for this is poorly under-
stood, but bats are also genetically unique since they are the
only mammalian order showing active DNA-transposons, of
which some are uniquely found in bats and insects (but not
other mammals) [27, 28]. This proves the amazing phenomena
of horizontal gene transfer between phylum, maybe between a
predator and its prey. In other vertebrates, similar gene trans-
fers have been observed, such as the AvViRTE retrotransposon
between bird species and human pathogenic endoparasitic
nematodes [29], and in the case of the BovB retrotransposon, be-
tween diverse groups of vertebrates and ticks that parasite
them [30].

The examples above illustrates only a few different aspects
of how transposons contribute to germline evolution by gener-
ating genetic diversity and amplification within species, and
sometimes horizontal transfers between species. While all
these aspects, as long as they are kept under some control,
seem beneficial for species evolution, as will be discussed
below, there is a tradeoff between evolvability in populations
and the risk of disease in individuals.

The bad side: Controlling retrotransposons to
avoid disease

“Jumping” transposons can also be a threat to the cell. The risk
of inducing maladaptive genomic changes, such as knocking
out important genes or their regulatory regions, are inevitable
when transposons are active. At least 50 human diseases are
known to be immediately caused by retrotransposon insertions
into important regions of the germline genome [15, 31]. When
transposition gets too high it leads to genome instability, where
the integrity of the genome becomes compromised, resulting in
higher degree of aneuploidy, chromosomal rearrangements,
and DNA damage [32, 33]. When genome instability occurs in
the germline it often leads to infertility [34], but it is also fre-
quently observed in somatic tumor cells [32], or cell lines
derived from cancerous tissue [35].
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To keep genomes intact, healthy cells keep very tight control
over the expression of transposons. In fact, the many possible
routes to keep transposable elements silenced may be a conse-
quence of the risks involved in losing control. Firstly, there are
post-transcriptional mechanisms that may inhibit transposition
either immediately after transcription, through micro-RNA
related pathways [36] or so called PIWI-interacting RNA (piRNA),
as well as through proteins that target and repress retrotrans-
poson RNA and/or transposon specific enzymes, such as the re-
verse transcriptase [37-42]. Secondly, epigenetic silencing
mechanisms, such as DNA methylation, repressive histone
modifications, and ATP-dependent chromatin remodeling, play
critical roles in controlling transposable elements [34]. To exem-
plify how cells control transposon activity we will focus on two
mechanism: [A] quickly evolving Kriippel-associated box (KRAB)
zinc finger proteins (KZNF), and [B] piRNAs.

KZNFs is a very large group of transcriptional repressors con-
taining more than 400 members in humans, often located in
genomic clusters, of which about one third are primate specific
[43]. When a KZNF binds DNA it recruits Kriippel associated pro-
tein 1 (KAP1; also known as TRIM28), which in turn form com-
plexes with H3K9 methyltransferase SETDB1, the histone
deacetylase-containing NuRD complex, and heterochromatin
protein 1 (HP1), resulting in epigenetically silenced chromatin.
KAP1 has been shown to co-localize with active types of retro-
transposons such as L1 and SVA in humans [44-46], and pro-
teins from the same family have been shown to do so in mice
[47, 48]. This suggests a conserved relationship between KZNFs,
the TRIM protein family, and retrotransposons. More figura-
tively speaking, KZNFs may be seen as gatekeepers, keeping
retrotransposons epigenetically imprisoned, always on alert to
sound the alarm trough TRIM-proteins if finding open chroma-
tin in the vicinity of a retrotransposon. The importance of
KZNFs as gatekeepers is illustrated by what seems to be an evo-
lutionary arms race between these transcription factors and
retrotransposons; when a new active variant of retrotransposon
evolves, this is soon followed by a KZNF able to bind and epige-
netically silence it, which in turn is followed by retrotransposon
mutants with changes in the binding site for the novel KZNF
[46].

As with the KZNFs, piRNAs appear in genomic clusters, but
are transcribed by RNA polymerase II as a single-stranded pre-
cursor unit [49]. These precursors of hundreds of nucleotides
are processed and transported back to the nucleus where they
become mature piRNAs of 26-31 nucleotides. Similar to KRAB
zinc finger proteins, piRNAs are used as guides to find trans-
poson specific sequences, and by interacting with PIWI-like
family proteins, such as MILI, MIWI and MIWI2, they may si-
lence these transposable elements [50, 51] by inducing DNA
methylation [52] or post-transcriptional gene silencing [53, 54].
Initial findings suggested that piRNA exclusively controlled
transposable elements in the male germline as a way to control
transposon activity during germline epigenetic reprogramming,
when epigenetic silencing is nearly completely abolished
[S5, 56]. More recent findings have revealed potential roles also
in somatic cell types such as neurons [57-59].

The complicated side: Transposons in somatic
diseases and normal development
Transposons may not only be a problem in the germline, or in

somatic tumors, but also in other somatic cells. One interesting
example are recent findings in several autoimmune diseases,
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such as Aicardi-Goutieres syndrome, chilblain lupus and sys-
temic lupus erythematosus, where mutations in the TREX1 gene
may cause impairments in a mechanism of the innate immune
system that senses exogenous reverse transcription, resulting
in false detection of endogenous retrotransposons as if they
were exogenous retroviruses [40, 60]. If retrotransposons play
roles in other autoimmune diseases remain to be investigated.
Nevertheless, these autoimmune diseases illustrate an interest-
ing trade-off in eukaryotic evolution; between being able to tol-
erate endogenous retrotransposons and detecting invading
retroviruses.

Furthermore, in the “Loss of heterochromatin model of
aging” first proposed in 1997, it is suggested that silent hetero-
chromatin formed during embryogenesis decays during the
aging process, resulting in reactivation of epigenetically
silenced genomic regions [61]. Since then, global loss of hetero-
chromatin particularly at gene-poor transposon-rich regions
has repeatedly been associated with aging in several tissues of
many eukaryotic species [62-65], as well as human diseases
that result in premature aging such as Hutchinson-Gilford
Progeria Syndrome [66] or Werner syndrome [67]. Furthermore,
heterochromatin protein 1 (HP1) plays an important role in
maintaining several repressive histone methylations, such as
H3K9me3, that are highly associated with heterochromatin and
retrotransposons in humans [68]. Overexpressing HP1 in
Drosophila, increases longevity, while repressing HP1 decreases
longevity [69] compared to wild type flies, which illustrates a
direct relationship between aging and loss of repressive chro-
matin. Finally, there are some indications that heterochromatin
loss is more related to functional decline (frailty) than actual
biological age [69, 70], which is in line with the allostatic load
concept; that at least some aspects of aging is a consequence of
accumulated wear and tear, and not the biological clock. Exactly
what role retrotransposons play in aging, if they are directly
involved or just passive markers, is still poorly understood.
Nonetheless, it has recently been shown that the loss of epigen-
etic silencing in aging reactivates functional retrotransposons
in several animal species including humans [71-74], which may
contribute to increased genomic instability and decreased via-
bility of the aging cell. Further proof for this is seen in yeast
where meta-analysis shows a strong overlap between genes
associated with phenotypes that have increased lifespan and
genes involved in transposition of mobile elements [74]

While aging can be seen as an increase in frailty with an
associated general increase in the risk of many diseases, there
are also examples of specific somatic diseases associated with
retrotransposon reactivation. For example, it was recently
shown that L1 copy number was elevated in the prefrontal cor-
tex of deceased patients with schizophrenia, bipolar disorder
and major depression [75]. This is particularly interesting since
actively dividing neural precursor cells in brain regions with
high levels of neuronal plasticity (such as prefrontal cortex,
hippocampus and caudate nucleus) have shown higher activity
of retrotransposons compared to many other somatic tissues
[76, 77]. This has given rise to the idea that genetic mosaicism
driven by retrotransposon reactivation may play a role in creat-
ing neural diversity in these regions, which may be critical for
learning and memory.

A parallel may again be seen in Drosophila, where small RNA
pathways controlling the expression of transposons are re-
pressed in mushroom body neurons known to be involved in
learning and memory, but not in other neural cell types, result-
ing in increased expression of transposons in this type of neu-
ron [78]. To relate back to the aging discussion, the same
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pathways are further repressed in the aging fly [73]. This indi-
cates a conserved role for transposable elements in age-
dependent neurodevelopment and plasticity that may be con-
trolled by small RNAs. The novel findings of functional piRNA in
the mammalian brain [57-59] and loss of retrotransposon
silencing in age-dependent neurodegenerative disorders such
as Alzheimer’s [79] supports this, but it also adds another layer
of complexity to the roles played by retrotransposons in the
brain. On the one hand the activity of transposable elements
are needed for normal brain development, and on the other
hand too much activity are associated with aging and disease.

Stress-induced transposon reactivation

So what does stress, or more specifically, allostatic load -the
accumulated consequences of living in a non-optimal physical,
physiological or psychological environment- have to do with
retrotransposons? Stress-related diseases are thought to arise
when the allostatic load is too high or has accumulated over
time [3]. This is supported by the many human diseases that are
affected by chronic and/or severe types of stress, functioning ei-
ther as a direct trigger (e.g. post-traumatic stress disorder, is-
chemic heart disease), or increasing the risk and severity for the
disorder (e.g. diabetes, obesity, auto-immune disease, heart dis-
eases, drug addiction, major depression, schizophrenia) [80]. As
outlined above, the control of transposable elements are partly
lost in many of these complex diseases. Similarly, severe
chronic stress, especially during early life, has been suggested
to increase the rate of biological senescence [4]. Again, as we
pointed out above, retrotransposons are reactivated as we get
older. So stress, just as transposons, has an intimate relation-
ship with both aging and disease. The question is: If stress-
induced retrotransposon reactivation in humans is a reality,
can we use it as an estimator of allostatic load? Furthermore,
could stress-induced retrotransposon reactivation play a more
active role in stress-induced disease and aging?

To resolve these issues we need to study direct relationships
between stress and retrotransposon reactivation. In plants this
relationship has been clear ever since Barbra McClintock dis-
covered her “jumping genes” in maize [9, 81], but in mammals,
and more specifically humans, it has hardly been studied at all.
Not until recently. We used next generation sequencing to
study how chronically high levels of cortisol (measured in hair)
in healthy 5-year old children affected whole-genome DNA-
methylation, and found that it led to a general loss of DNA-
methylation in blood cell retrotransposons [7]. This finding is
particularly important since it is prospectively unbiased. There
were no age, disease or even stress (measured by exposure to
serious life events) differences that could have affected the re-
sults, only an association between chronically increased levels
of systemic cortisol, caused by either eustress or distress, and
loss of epigenetic silencing in retrotransposons. Furthermore,
regions where high cortisol children had lost DNA-methylation,
were enriched for the binding site of a “gatekeeper” KZNF
(ZNF263), which points at a possible mechanism for the loss [7].

To fully understand the potential for retrotransposon reacti-
vation as an estimator and/or a mediator of allostatic load, we
need to distinguish between the acute and chronic effects of
stress. Many transcription factors involved in the stress-
response, such as the glucocorticoid receptor, bind promoters of
epigenetic modifying enzymes and regulate their transcription,
like DNA-methyltransferases [82] or histone methyltransferases
such as Suv39h2 [83]. Bruce McEwen, that together with Eliot
Stellar coined the word allostatic load [3], has together with

Donald Pfaff's lab showed that in rat brains, acute restraint
stress increases Suv39h2 expression, followed by a global in-
crease of repressive H3K9me3 histone marks, resulting in down-
regulation of B1 and IAP retrotransposons [83, 84]. This would
indicate that stress could lead to more epigenetic silencing and
less retrotransposon activity, thus it may not be so relevant for
allostatic load. On the contrary, other repressive histone methy-
lations, such as H3K9me2, are lower after acute stress, and
when exposing animals to chronic stress also H3K9me3 to some
extent decreases [85]. So a global loss of epigenetic silencing
could be a specific effect of chronic stress which would be inter-
esting for the allostatic load concept. In brains of mice suscep-
tible to chronic social defeat a global loss of the repressive
H3K9me?2 histone marks following the defeat confirms this rela-
tionship [86].

An interesting parallel to acute and chronic stress is
observed in the brains of mice given acute and chronic injec-
tions of drugs of abuse. Both cocaine and morphine, when ad-
ministered chronically in rodents, result in a global loss of
repressive histone marks in mobile elements, sometimes fol-
lowed by higher activity of retrotransposons [87-89]. As with
acute stress exposure, H3K9me3 shows a strong opposite rela-
tionship after an acute cocaine injection [89]. Thus, while
H3K9me3 are sensitive to pervious exposure, other repressive
histone marks, such as H3K9me?2, seem to always experience a
global loss after stress or drug exposure, independent of previ-
ous exposure.

Because of the temporal complexity in retrotransposon regu-
lation, it is critical for future research to focus on the long term
consequences of stress by estimating the number of successful
transpositions following chronic exposure to internal or exter-
nal constraints (e.g. restraint stress, social defeat, drug expos-
ure). This has been done in animal prenatal and postnatal
stress models that induce schizophrenia like symptoms in the
offspring. Here, pregnant mice were injected with
polyriboinosinic-polyribocytidilic acid or neonatal macaques
were chronically exposed to epidermal growth factor, in both
cases resulting in more copy numbers of brain L1 retrotrans-
posons [75].

Conclusion and future directions

Integrating stress-induced retrotransposon reactivation into the
allostatic load concept holds many promises (Fig. 1). Still it is
evident that there are several aspects of stress-induced retro-
transposon reactivation that needs to be further investigated
before we can do that. Firstly, transposons are challenging to
study because of their repetitive nature, both locally (they are
often flanked by other genomic repeats which makes them
sometimes difficult to sequence), and globally (they are often
found in multiple copy numbers across a genome which some-
times makes it difficult to pinpoint their exact location). Thus
many common genome analysis pipelines disregard retrotrans-
poson sequences, simply because they are difficult to interpret,
which probably have led to an underestimation of the impact of
retrotransposons in the current literature [90]. Furthermore, we
still know very little of how chronic eustress may affect retro-
transposon reactivation. Some studies have shown that volun-
tary and forces exercise may both increase retrotransposon
reactivation [91-93]. Another problem in associating the allo-
static load concept with retrotransposon reactivation is the
limitations of the current tools to estimate organismal “wear
and tear”, which needs to be considered from a whole body per-
spective. During the last decade promising attempts have been
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Figure 1: An integrated model of stress-induced retrotransposon (re)activation
and the allostatic load concept. Exogenous and endogenous challenges increase
the allostatic load on the body, which represents an average allostatic load
experienced by all cells in the organism. A consequence of this is that not all
cells will experience higher allostatic load following stress; some might even ex-
perience less allostatic load. High cellular allostatic load leads to loss of epigen-
etic silencing in heterochromatic genomic regions, which is followed by
(re)activation of retrotransposons. Losing control of retrotransposons has differ-
ent consequences and tradeoffs depending on cell type. In somatic cells, it may
help an individual animal to generate cellular diversity important for normal de-
velopment, but may also cause genome instability which may increase the risk
of disease. In germ cells, retrotransposon (re)activation may cause infertility,
but also contribute to species evolvability by increasing genetic diversity.
Hypothetically, a challenging environment could, by increasing the allostatic
load, induce the genome-wide transposon amplification events observed in
most eukaryotes, thereby representing a tool for a population/species to adapt
to the challenging environment.

made to combine neuroendocrine (e.g. blood cortisol, dopamine
and catecholamine release), immune (e.g. blood Interleukin-6
and Insulin-like growth factor release), metabolic (e.g. blood
cholesterol, glucose and insulin release), cardiovascular and
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respiratory (e.g. blood pressures, heart rate and peak expiratory
flow), as well as anthropometric (e.g. waist-to-hip ratio and
body mass index) health biomarkers into indexes of allostatic
load (reviewed by Juster et. al. [94]). Still none of these indexes
has been used in relation to retrotransposon activity. It becomes
even more complicated if we presume that different types of en-
vironmental challenges may increase allostatic load in some
cells, while not affecting or even decreasing it in others, maybe
in an activity dependent manner. This is for example seen in
rats exposed to acute restraint stress, which increases retro-
transposon activity in the cerebellum but decreases it in the
hippocampus [83]. Nonetheless, the differences in retrotrans-
poson activity between cell types of different tissues may help
us understand why some stressors increase disease risks in
some tissues and not in others. The potential to find a cell type
that reliably measures average allostatic load of the body is off
course very intriguing. Monitoring transposon activity and epi-
genetic control mechanisms in such a cell type could be an esti-
mator of the current allostatic state, while counting
retrotransposon copy numbers would indicate the “wear and
tear” of the body accumulated over a lifetime. Furthermore,
monitoring transposon activity and copy number in germ cells,
will not only give us estimates of how fit an individual may be
to its current living habitat, but may also reveal an evolutionary
mechanism: that stress-induced transposon reactivation plays
an important role in initiating transposon amplification events.
Hypothetically, this mechanism would be adaptive in its own
right, since it signals the germline to start changing if the allo-
static load gets too high, ultimately meaning that you are poorly
adapted to your current living habitat.
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