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Death by transposition - the enemy

within?

John M. Sedivy*, Jill A. Kreiling, Nicola Neretti, Marco De Cecco, Steven W. Criscione,
Jeffrey W. Hofmann, Xiaoai Zhao, Takahiro Ito and Abigail L. Peterson

Here we present and develop the hypothesis that the derepression of
endogenous retrotransposable elements (RTEs) — genomic parasites — is an
important and hitherto under-unexplored molecular aging process that can
potentially occur in most tissues. We further envision that the activation and
continued presence of retrotransposition contribute to age-associated tissue
degeneration and pathology. Chromatin is a complex and dynamic structure that
needs to be maintained in a functional state throughout our lifetime. Studies of
diverse species have revealed that chromatin undergoes extensive rearrange-
ments during aging. Cellular senescence, an important component of mammalian
aging, has recently been associated with decreased heterochromatinization of
normally silenced regions of the genome. These changes lead to the expression of
RTEs, culminating in their transposition. RTEs are common in all kingdoms of life,
and comprise close to 50% of mammalian genomes. They are tightly controlled,
as their activity is highly destabilizing and mutagenic to their resident genomes.
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Introduction

The steep increase in life expectancy in
the 20th century, enabled by modern
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clinical and public health interventions,
is a remarkable phenomenon in human
history. Aging is a fundamental biologi-
cal process with a profound impact on
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medicine and society. Age-related dis-
orders, such as cardiovascular diseases,
stroke, diabetes, and cancer have be-
come the leading causes of death in
developed countries. The incidence of
all these, and many other debilitating
diseases such as dementia, shows a near
exponential increase in the final third of
human life span [1].

Our understanding of the biology
of aging has also made an important
shift, as conserved mechanisms have
been identified that modulate aging in
diverse species. The notion that age-
related illnesses are solely influenced
by a multitude of independent genes
and/or behavioral risk factors has been
dispelled by research showing that
simple genetic and dietary interven-
tions can retard many late-life diseases
in parallel [2-4]. In other words, in
addition to disease-specific processes,
basic and wuniversal mechanisms
have been identified that influence
organismal aging and impact virtually
all organ systems. The therapeutic
potentials are immense — and pharma-
cological interventions have already
achieved impressive life span exten-
sions in model organisms, including
the mouse [5].

The compression of morbidity is of
particular interest, since an increasing
number of reports document ameliora-
tion of a variety of aging phenotypes
without significant life span extension
[6]. This has focused attention on
health span - the fraction of our lives
free of frailty and chronic disorders - as
a realistic and desirable immediate
goal. For example, resveratrol treatment
of mice and calorie restriction of rhesus
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monkeys have already shown a range of
physiological benefits, without achieving,
as yet, clear longevity effects [7-9]. It
is very likely that further research will
yield clues for additional targets of
pharmacological intervention.

Many hypotheses have been posited
to explain the molecular aspects of
aging. Most models have one common
theme: the accumulation of molecular
damage that results in a subsequent
deterioration of cellular and tissue
structure and function. These mecha-
nisms are not mutually exclusive, and
important points of crosstalk have
already been found. In this paper we
develop the hypothesis that the activa-
tion of transposable elements (TEs),
which inhabit the genomes of all life
forms, is an important and hitherto
poorly explored molecular aging pro-
cess. Transposition is known to be
highly mutagenic, and we propose that
the ensuing genomic destabilization
may be an important driver of cellular
and tissue dysfunction.

Cells can age
chronologically as well as
replicatively

Aging occurs at virtually every level
of complexity — from molecules to
tissues to the whole organism. Two
fundamental cellular aging processes
have been described. One is chrono-
logical aging, and is the consequence
of time-dependent changes that occur
independently of cell division. It is
thus of paramount importance in
terminally differentiated cells. An im-
portant component of chronological
aging is a breakdown of the balance
between biosynthesis, repair and turn-
over, leading to the accumulation of
damaged or otherwise dysfunctional
macromolecules [10, 11]. Replicative
aging, on the other hand, reflects the
ability of a cell (and its lineage) to
support ongoing rounds of cell divi-
sion, and is of major importance in
organisms whose adult bodies depend
on extensive tissue turnover. Adult
stem cells that support the regenera-
tion of most of our tissues and organs
are believed to be at significant risk
of both chronological and replicative
aging [12].
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Cellular senescence
contributes to aging

Replicative cellular senescence was
first described as an irreversible arrest
of proliferation triggered by the accu-
mulation of cell divisions. The under-
lying cause of senescence due to
replicative exhaustion is telomere
shortening. In the last decade it
became evident that what was classi-
cally described as replicative senes-
cence is in fact a collection of
interrelated states that can be triggered
by distinct intrinsic and extrinsic
stimuli [13]. Many types of stress,
including reactive oxygen species
(ROS) and activation of oncogenes,
can trigger a senescence response [14].

While numerous studies have im-
plicated cellular senescence as an
important in vivo tumor suppression
mechanism [15], convincing evidence
for a role in organismal aging has
been slow to emerge [16]. One impedi-
ment has been the lack of reliable
assays to distinguish senescent cells
from the majority of healthy but
quiescent cells in normal tissues.
The first useful biomarker was the
senescence-associated B-galactosidase
[17], but the lability of its activity can
result in high false-negative rates.
A fluorescence microscopy method
to visualize telomeric double-strand
breaks (DSB) in intact nuclei [18], often
referred to as the telomere dysfunction-
induced focus (TIF) assay, has proven
to be a reasonably robust biomarker.
Examination of dermal biopsies col-
lected from baboons of various ages
showed an exponential rise of telomere
dysfunction with age, affecting 15-
20% of all cells in old animals [19].
Using a different marker of senescence,
the cyclin-dependent kinase (CDK)
inhibitor p16™42, it was found that
humans genetically predisposed to
extreme longevity display reduced
frequencies of senescent cells [20]. In
a landmark paper, the van Deursen
group showed that in vivo pharmaco-
logical ablation of tissue-resident se-
nescent cells in a progeroid mouse
model provided clear health span
benefits [21]. Hence, there is much
current interest in the targeting of
senescent cells as a possible therapy
for age-associated diseases [22].
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Chromatin is regulated
epigenetically and
changes in senescence
and aging

It has long been appreciated that an
important aspect of aging may be
biological structures that are inherently
difficult to maintain [23, 24]. Chromatin
is one such structure, and it is rapidly
becoming clear that it is subject to
extensive age-associated remodeling
[10]. Changes in the organization of
the genome into euchromatin and
heterochromatin, as well as in DNA
methylation patterns during aging and
cellular senescence have been docu-
mented in several species [25, 26]. For
example, a decrease in histone expres-
sion has been noted in senescent
cells [27, 28], and histone overexpres-
sion can extend the lifespan of
yeast [29]. In the nematode, preventing
excess accumulation of histone activat-
ing marks (H3K4Me3) extended lifespan
[30]. Mammalian cells undergoing se-
nescence reorganize their genomes into
prominent senescence-associated het-
erochromatin foci (SAHF) [31]. Histori-
cally, changes in the methylation of CpG
residues in DNA were the first noted
effects of aging on chromatin [32, 33],
and have been widely studied [34, 35].
While overall levels of DNA methylation
decrease, methylation of CpG islands
associated with promoters (and hence
transcriptional regulation of genes)
changes in complex and tissue-specific
patterns, showing an overall increase in
many cases.

Using high throughput sequencing
approaches, we recently examined ge-
nome-wide changes in chromatin ac-
cessibility that occur during replicative
cellular senescence [36]. We found that
the fundamental architecture of the
genome undergoes profound altera-
tions: an overall closing of chromatin
in euchromatic gene-rich regions,
which is opposed by a somewhat
paradoxical opening of heterochromatic
gene-poor regions. The former was
associated with a dampening of gene
expression, and the latter with in-
creased transcription of retrotranspos-
able elements (RTEs, below), which are
normally heavily heterochromatinized.
Quite remarkably, this culminated in
active transposition, as evidenced by

Bioessays 35: 1035-1043, © 2013 The Authors. BioEssays published by WILEY Periodicals, Inc.

51801 SUOWILLIOD BANERID 3 edt|ddde U Aq pauBAOE B8 S WO 88N J0 S9N 0} ARRIGIT BUIIUO AB|IA UO (SUOIPUOD-PUE-SWLBYWIOD™/B] W ARG [BUT|UO//'ScY) SUOIIPUOD PUE SWLB 1 3U) 885 *[9202/90/90] U0 ARRIq1 8UIIUO AB]IM *Z6000ET0Z S21G/Z00T OT/10p/00"AB I ARG jBu [U0//Scy WO popeo|umod ‘2T ‘ET0Z ‘88TTZGT



[ | B Insights & Perspectives

increases in copy number. Heterochro-
matin in centromeric and pericentro-
meric regions also became more open,
and transcription of satellite sequences
increased.

Transposable elements
are genomic parasites

Mobile genetic elements, also known as
TEs, were discovered by Barbara
McClintock in maize, and have since
been found to be ubiquitous in all
domains of life [37]. They are commonly
viewed as molecular parasites that
inhabit and at times move in the
genomes of their hosts, with mostly
deleterious consequences. One group of
TEs, referred to as DNA transposons,
move from one genomic location to
another by a “cut-and-paste” mecha-
nism. Another group, known as RTEs,
use a “copy-and-paste” mechanism: an
RNA copy of the element is first made by
a cellular RNA polymerase, then con-
verted back into DNA by a reverse
transcriptase enzyme encoded by the
element, and finally inserted into a new
genomic location. RTEs are a large and
diverse group, and include retroviruses
[e.g. human immunodeficiency virus
(HIV)], long terminal repeat (LTR) RTEs
(e.g. yeast Tyl, or Drosophila Copia),
long interspersed nuclear elements
(LINEs, e.g. mammalian L1), and short
interspersed nuclear elements (SINEs,
e.g. human Alu). Some retroviruses
have extracellular phases in their life
cycles, but other elements are obligato-
rily intracellular. About half of mamma-
lian genomes (by some recent estimates,
maybe as much as two-thirds [38])
consist of a variety of TEs, the great
majority being RTEs.

Organisms counteract the transpo-
sition of RTEs by repressing their
activity at several levels, the primary
line of defense being heterochromatini-
zation of the genomic regions where
they are inserted [39]. This prevents
their transcription, and hence expres-
sion of the reverse transcriptase and
other activities needed for transposi-
tion. Being mostly passive passengers in
the genomes of their hosts, RTEs are
subject to genetic drift, and the great
majority of RTEs gradually accumulate
mutations or rearrangements that ren-
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der them incapable of transposition.
The only RTE believed to be currently
autonomously active in humans is the
LINE L1 [40]. It comprises ~17% of our
genome (~500,000 copies), but only
members of the evolutionarily recent
and human-specific subfamily, L1Hs
(and to a lesser extent, members of
the somewhat older primate L1PA sub-
families) are believed to be active [41,
42]. There are ~1,600 known members
of the L1Hs subfamily, of which some
200-300 appear to be intact and
hence potentially active. These values
are likely to be revised upward, as the
L1Hs subfamily remains incompletely
annotated in the hgl9 build of the
genome. All SINEs are non-autonomous
as they do not encode any proteins, but
their movement can be catalyzed in
trans by the enzymes encoded by
LINEs [43]. Both Lils and their SINE
“parasites” show considerable activity
in human germline genomes, estimated
at one new L1 insertion in 95-270 births
and one new Alu insertion in ~20
births [44]. A large fraction of human
polymorphisms are due to RTEs, and
many disease-causing insertions have
been identified [40, 45]. In mouse, over
15% of spontaneous mutations in labo-
ratory strains have been estimated to be
caused by RTEs [37, 46].

Much of our accumulated knowl-
edge of RTE biology reflects their
activity in the germline, since transpo-
sition events in somatic tissues would
not be inherited from generation to
generation, and hence would not be
captured in reference genome sequen-
ces. Recent evidence indicates that
retrotransposition in the soma may be
much more active than previously
believed, especially during early em-
bryogenesis, and also appears to occur
frequently during cancer develop-
ment [42, 44, 47, 48)]. Disruption of
tumor suppressor genes (by insertional
mutagenesis) and inappropriate activa-
tion of positive effectors (by epigenetic
dysregulation) are obvious mechanisms
that could promote tumorigenesis, how-
ever, the extent to which activation of
retrotransposition contributes to the
total human cancer burden is currently
actively debated [49]. One tissue where
retrotransposition appears to be espe-
cially active is the nervous system: L1
mobilization was observed in neural
progenitor cells during development as
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well as adult neurogenesis, and fre-
quent new L1 insertions were found in
adult brain tissue relative to other
tissues [50, 51]. Hence, L1 transposition
may be “allowed” in a specific window
during neurogenesis as a mechanism of
somatic diversification that contributes
to neuronal plasticity [52], along the
lines that somatic hypermutation and
rearrangement contribute to immune
diversity. These ideas however remain
controversial, as a recent study did not
find evidence for frequent L1 insertions
in the brain [53].

Is retrotransposition
activated during aging?

L1 transposition in nondividing cells has
been reported to be either low or absent,
but was clearly detectable in fully
differentiated postmitotic cells, such
as hepatocytes, in cell culture [54, 55].
Our recent data demonstrate that L1
copy number increases in senescent
fibroblasts [36]. While we cannot rule
out that mobilization was initiated
while some cells were dividing, copy
number continued to increase at later
times after all replication ceased. In
recent unpublished studies we noted
further increases (up to 40%) in the
copy number of L1Hs and some L1PA
subfamilies in fibroblasts that were
senescent for extended periods of time
(>6 months). In other examples, the S.
cerevisiae LTR RTE Tyl is mobilized
during chronological aging of this
species [56], several D. melanogaster
LINE and LTR RTEs become active in
aging neurons [57], and a single novel
IAP insertion in the mouse was noted
to become more active with age [58].
Hence, the age-associated “loosening”
of RTEs appears to be a remarkably
conserved phenomenon.

Senescent cells differ from normal
postmitotic cells in that they are in a
state of chronic DNA damage [59]. It is
well documented that transcription of
RTEs and other repetitive elements
(such as satellites) is activated by DNA
damage, as well as a variety of other
stresses including heat shock and
ROS [60-63]. L1 copy number increases
were found to be augmented in brain
tissue of ataxia telangiectasia patients,
a syndrome associated with increased
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and persistent DNA damage [64]. It is
hence quite reasonable that the tran-
scription of RTEs becomes activated in
senescent cells, and our data show there
are no significant blocks to transposi-
tion in the senescent state, especially
over long periods of time.

Conventional wisdom has been that
only replicatively competent cells
can enter senescence, but this view
probably needs adjustment. As the
many phenotypes of senescent cells
have come into sharper focus, it is
now evident that even postmitotic
cells such as neurons or skeletal muscle
cells can acquire some of these fea-
tures [65, 66]. Postmitotic cells could
enter a senescent state by acquiring
irreparable telomeric damage, which
can occur even without critical telomere
erosion (and may be caused by a variety
of stresses, including ROS) [67, 68].
Irreparable non-telomeric DNA damage
has also been noted [69]. These studies
have important implications, as they
suggest that cellular senescence could
afflict not only relatively few cells that
have very short telomeres or activated
oncogenes, but in principle any cell in
the body (given appropriate and suffi-
cient stresses as trigger).

The activation of RTEs in postmitotic
cells could also proceed through mech-
anisms that do not involve DNA damage
or genotoxic stress. For example, it has
been known for some time that overall
genomic DNA methylation decreases
during aging, and that this occurs
largely in repetitive DNA sequences
[26]. Methylcytosine residues are bound
by methyl-CpG-binding protein 2
(MeCP2), which then recruits histone
deacetylases and other chromatin reg-
ulators to promote heterochromatiniza-
tion and inhibit transcription. Neuronal
L1 retrotransposition is increased in
MeCP2 knockout mice as well as in Rett
syndrome patients that carry MeCP2
mutations [70]. The expression of the
DNA (cytosine-5)-methyltransferase 1
(DNMT1) is also known to decrease
in cells approaching senescence in
culture [71], but why this may happen,
and what other factors may contribute
to the decrease of DNA methylation in
vivo is not well understood.

Expression of RTEs is also opposed
by several small noncoding RNA mech-
anisms, including miRNA, siRNA, and
piRNA pathways that act to silence
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transcription, promote mRNA destruc-
tion, or inhibit translation [72, 73]. For
example, the piRNA pathway is critical
for RTE silencing and genome mainte-
nance in the Drosophila and mouse
germline [74-76], and recent evidence
suggests that changes in its activity may
allow transposition in adult somatic
tissue [77]. siRNAs have been implicated
both in Drosophila and mouse [78, 79],
and L1-specific small RNAs were noted
in human somatic cells [80]. Defects in
the miRNA pathway have been noted
during aging in some mouse tissues [81],
and implicated in allowing RTE activity
during cancer development [82].

The biology of TEs and RTEs has
been intensely studied in invertebrate
model systems, including plants, fungi,
and bacteria, but much remains to be
learned about their behavior in mam-
mals. It is quite evident, however, that
their activity is opposed at multiple
levels, that these mechanisms have
potentially numerous vulnerabilities,
and that the consequences of allowing
an RTE onslaught are likely to be
profoundly deleterious. For example,
mutations in the DNA methylase Dnmt3L
in mice, or components of the piRNA
pathway in Drosophila or mice, allow
the expression and mobilization of
RTEs in the germline of sufficient
magnitude to cause meiotic failure
and sterility [40, 74, 83, 84].

Transposition of both DNA trans-
posons and retrotransposons can also
have beneficial effects: e.g. by promot-
ing new patterns of gene expression
[85], and even contributing to evolu-
tionary bursts and speciation [86]. This
has engendered a long-standing debate
on whether the activity of TEs and RTEs
is intrinsically “good” or “bad”, and the
possible relationships and trade-offs
between these concepts [87, 88]. Others
have argued that at the level of a single
individual, these processes, and espe-
cially those occurring in somatic tis-
sues, are likely to be overwhelmingly
deleterious [40, 89].

Somatic retrotransposition in mam-
mals, in particular, remains a little
explored area, simply because until
recently we lacked the tools to ade-
quately document the activity of these
endogenous elements. High throughput
sequencing is changing all this, but
because of the highly repetitive
nature of the datasets, comprehensive
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annotation remains a very challenging
task. There is widespread anticipation
however that what has come to light so
far is just the tip of the iceberg.

Formulation of the
“aging by transposition”
hypothesis

To allow a critical evaluation of the
rationale and potential impact of our
proposal, we first summarize the key
points of our current knowledge: (i)
global regulatory networks have been
found that affect the rate of organismal
aging; (ii) these networks can be
manipulated genetically and pharma-
cologically to positively impact health
span; (iii) replicative cellular senes-
cence has emerged as an important
factor in age-associated pathologies;
(iv) we have discovered that cellular
senescence leads to a dramatic activa-
tion and mobilization of RTEs, which is
a new and hitherto unknown molecular
phenotype of cellular senescence; (v)
recent studies have uncovered unifying
connections between chronological and
replicative cellular aging, indicating
that virtually all cells in the body may
have the capacity (if appropriately
triggered) to enter into a dysfunctional
state resembling in some aspects cellu-
lar senescence.

On the basis of this analysis we
propose the following hypotheses: (i)
activation of RTEs is a common feature
of cellular senescence; (ii) the mobiliza-
tion of RTEs is an important contributor
to the deleterious phenotypes of senes-
cent cells; (iii) somatic retrotransposi-
tion is a widespread age-associated
process that can affect many tissues
and could afflict both replicative and
postmitotic cells. Possible connections
between RTE activity and aging have
also been noted, on a theoretical basis,
by others [88, 89]. A simplified scheme
for what we envision as a generalized
and reasonable sequence of these
events is depicted in Fig. 1.

However, numerous alternative sce-
narios for this RTE “jail break” can be
envisioned (see Fig. 2 for a more detailed
schematic representation). For exam-
ple, RTE mobilization could be a
relatively late event, or occur too rarely
to make a significant contribution to the

Bioessays 35: 1035-1043, © 2013 The Authors. BioEssays published by WILEY Periodicals, Inc.
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ROS ROS

Figure 1. lllustration of the “aging by transposition” hypothesis. A normal cell is shown on
the left. Heterochromatic (densely wound) and euchromatic (loosely wound) regions of
chromosomes (black) are shown. RTEs (blue) are located mostly in heterochromatin and are
not expressed. ROS (and other stresses) cause sporadic DNA damage (red star), which is
mostly repaired. A compromised cell is shown in the middle. Increasing stress (not
necessarily limited to DNA damage) is starting to promote a redistribution of chromatin.
Some heterochromatic regions are becoming more open, and this leads to increasing
expression of RNA from the resident RTEs (shown as green lines). The RTE mRNAs (green)
migrate to the cytoplasm, where some are translated into encoded ORF1 and ORF2 proteins
(orange ovals), which subsequently assemble with the mRNAs into RTE nucleoprotein
particles. Some nucleoprotein particles migrate back to the nucleus, where they are reverse
transcribed and finally insert into new genomic locations (shown as magenta). Abortive
retrotransposition events promote new DNA damage (more red stars). A dysfunctional cell is
shown on the right. Continuing expression of RTEs, ongoing transposition, and accumulating
DNA damage drive widespread chromatin rearrangements, genomic instability, changes in

gene expression, and mutagenesis.

tissue damage elicited by senescent
cells. Conversely, it could play an
important role in the initiation, progres-
sion, or overall negative effects of
cellular senescence. Intermediate situa-
tions are also plausible, namely, that
the frequency, time line, and down-
stream consequences of transposition
may vary with the triggering event, cell
type, tissue, or some other parameter. In
considering the possible time lines
(Fig. 2), it is important to note that
the mutagenic and destabilizing effects
of retrotransposition are not solely due
to insertions into new genomic loca-
tions. It has been shown that transposi-
tion is accompanied by a significant
number of incomplete or abortive
events that result in the creation of
widespread DSB throughout the ge-
nome [90, 91]. In cell culture experi-
ments it is these DSB, and not bona fide
transposition, that have been found to
trigger premature senescence [90]. We
can thus envision the potential for
considerable positive feedback loops,

Bioessays 35: 1035-1043, © 2013 The Authors. BioEssays published by WILEY Periodicals, Inc.

given that, as noted before, transcrip-
tion of RTEs and other repetitive
elements is activated by DNA dam-
age [60-63].

Is the activation of retrotransposi-
tion then a cause or effect of cellular
senescence, and what are the connec-
tions with aging? The interpretation
most consistent with available data is
that retrotransposition is an effect of
cellular senescence (but this may of
course change as we learn more). We
know now that cellular senescence
involves the derepression of RTEs [36],
which we suggest then contribute to the
aging decline. The latter could involve a
number of mechanisms. The most obvi-
ous, for which there is considerable
experimental evidence (as discussed
above), is the promotion of DNA dam-
age and genome instability. Whether
the senescence-associated secretory
phenotype (SASP [92, 93]) is impacted
in any way by RTE mobilization has not
been examined. It has been suggested
that the production of RTE mRNA and

J. M. Sedivy et al.

cytoplasmic ribonucleoprotein particles
could trigger an antiviral response or
other aspects of innate immunity [94].
The activation of resident intergenic
RTEs could have impacts on the normal
regulation of gene expression [85], as
of course could new insertions through-
out the genome. Finally, these events
could lead to the redistribution of
chromatin regulators and consequent
large-scale changes in chromatin orga-
nization, already hinted at by the loss of
constitutive heterochromatin at centro-
meres [36]. Another important prece-
dent for age-associated changes in
chromatin organization is the redistri-
bution of SIRT1 protein to sites of DNA
damage [95].

We also note further extensions of
the most parsimonious interpretation
(above) of RTE mobilization as an effect
of cellular senescence. First, RTEs could
be derepressed independently of repli-
cative senescence, in chronologically
aging cells. This is raised by recent data,
noted above, showing that chronologi-
cally aging postmitotic cells can acquire
some phenotypes of senescent cells,
and that the chromatin of chronologi-
cally aging cells can undergo changes
that could affect RTEs. Second, if RTEs
are derepressed by mechanisms inde-
pendent of senescence, their mobiliza-
tion (by promoting DNA damage) could
in turn induce senescence.

In aggregate, these considerations
suggest that inhibiting RTE mobilization
may have therapeutic benefits. Given
the uncertainties discussed above, such
interventions may affect only a subset
of age-associated pathologies, or only
in some tissues. Such an outcome,
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Figure 2. A schematic showing in more detail one possible sequence of events from an
initiating stress to the activation of retrotransposition, cellular senescence, and ultimately
tissue pathology. In this example ROS is again used as the initiating stress and the activation
of RTEs is envisioned to occur relatively early. By promoting widespread DSBs, the
expression of L1 proteins accelerates the generation of irreparable DNA damage. This acts
as a trigger for cellular senescence, which in turn promotes tissue dysfunction. However, the
events depicted here could be arranged in different combinations, and we know of no
mechanistic considerations that would a priori eliminate many of these alternatives. For
example, retrotransposition could also be initiated at later times, such as during the
establishment or even progression of senescence. Furthermore, initiating events other than
ROS and DNA damage could lead to the activation of RTE expression.

however, could still be very positive in
managing certain aspects of health span
in the clinic. While Alu and SVA are the
most active elements in the human
genome, L1 is the real culprit, since it
encodes the enzymatic machinery that
the SINEs exploit. Management of L1
LINEs would thus be a good starting
point for manipulation, but other ele-
ments and possible mechanisms of
pathology should also be noted [94].

Testing the hypothesis:
Retrotransposition can be
inhibited pharmaceutically

The next obvious question that comes to
mind after considering this scenario is:
Can retrotransposition be inhibited or
controlled? Viruses that incorporate
reverse transcription as part of their life
cycles, such HIV or hepatitis B virus
(HBV), are a major healthcare problem,
and enormous efforts have been focused
on developing drugs to treat these
infections. The first successful drugs,
still widely used today, were nucleoside
and nucleotide analog reverse transcrip-
tase inhibitors (nRTIs, ntRTIs). These
drugs bind to the catalytic site of reverse
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transcriptase and competitively inhibit
its polymerase activity. Development of
these drugs has gone through several
generations of improvements and ex-
tensive safety and efficacy testing. The
major off target effects are due to
interactions with other cellular poly-
merases, in particular mitochondrial
DNA polymerase vy (encoded by the
nuclear POLG gene) [96].

Early efforts to control HIV with first
generation nRTIs and ntRTIs resulted
in rapid emergence of resistance and
recurrence of disease. This was due to
the high mutation rate of HIV and the
subsequent multiplication and spread
of the drug-resistant viruses. Current
strategies, which have been very suc-
cessful in controlling HIV, employ
combinatorial therapy based on multi-
ple drugs that inhibit a number of viral
activities, including viral protease
inhibitors, integrase inhibitors, and
non-nucleoside inhibitors of reverse
transcriptase. nRTIs and ntRTIs remain
in wide use as important components of
these combinatorial therapies.

Given these precedents, it is
straightforward to envision the devel-
opment of nRTI and ntRTI inhibitors
specific for the human LINE L1 reverse
transcriptase, the only endogenous RTE

that is believed to be currently active in
the human genome. Such drugs would
have to be screened, as has been
done in the past, for off target effects
on other cellular polymerases. Remark-
ably, several (but by no means all)
existing nRTIs and ntRTIs that are in use
to treat viruses such as HIV and HBV
also effectively inhibit the reverse tran-
scriptase of a variety of unrelated RTEs,
including murine retroviruses, human
and mouse Lls, and yeast Tyl ele-
ments [54, 97, 98]. These findings are
quite serendipitous, as these drugs were
never intended (or screened) for inhibi-
tion of L1 reverse transcriptase.

One drug in particular, lamivudine,
which is currently widely used for the
treatment of HBV and as part of
combinatorial therapy for the treatment
of HIV-AIDS, is a potent inhibitor of
human L1 reverse transcriptase (with a
K; of 12.9 4-2.07 nM) [97]. In human cell
culture assays, using engineered L1
reporter elements, lamivudine inhibited
retrotransposition by 92-97% [97].
Given that lamivudine also inhibits
mouse L1 reverse transcriptase, proof-
of-principle experiments, using the
mouse as the model system, can be
started right away to investigate efficacy
against a large variety of age-associated
pathologies. Prior to its approval for
human use, lamivudine was extensively
tested in mice (and rats), and is well
tolerated at doses much higher than
those used for human therapy.

It is also worth noting that the key
issue with the emergence of drug-
resistant viruses is their rapid spread
throughout the infected organism. It
can be anticipated that this will be an
issue of much smaller proportions
with endogenous RTEs, as they are
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obligatorily intracellular. For example,
in the case of cancer development, even
if resistant L1 variants arose at rates
similar to those documented in HBV and
HIV, effective RTI therapy would be
expected to reduce the number of cells
experiencing genetic instability by a
factor of 1,000-10,000-fold.

Conclusions and
prospects

In this essay we have developed the
concept that retrotransposition in so-
matic tissues is a force of genomic
structural dysregulation that acts as a
driver of aging-related phenotypes.
What sets these forces in motion we
do not know, but we propose that this
deficit in genome management is one of
the fundamental causes of aging.

We need to learn much more about
the behavior of our endogenous RTE
parasites in our somatic tissues before
future therapeutic applications can be
assessed with any accuracy. We espe-
cially need to learn about the forces that
shape our genomes with advancing age
and allow the RTEs to become active
during cellular senescence, or perhaps,
chronological aging of some cells. Given
the availability of drugs like lamivu-
dine, we can also immediately begin
testing the consequences of inhibiting
L1 reverse transcriptase, both in cell
culture and in the mouse. Much will
depend on how the “time line” of
L1 activation and its consequences
(Figs. 1, 2) emerges from further re-
search. As pointed out above, these
effects could vary quite considerably
between different tissues and for differ-
ent pathologies, so they will have to be
investigated in some detail. In addition,
as already noted, even in the case of
relatively “late” events, there may
be considerable merit in alleviating
some symptoms of associated chronic
pathologies.

In trying to envision a “best case”
scenario, we should consider the al-
ready demonstrated activity of L1 RTEs
during cancer development, and in the
nervous system. For the former, given
the known role of genetic instability in
promoting cancer, and the known role
of RTEs in promoting genetic instability,
the possible association is obvious. For

Bioessays 35: 1035-1043, © 2013 The Authors. BioEssays published by WILEY Periodicals, Inc.

the latter, it is believed that ROS may
drive some of the proteotoxicities asso-
ciated with Alzheimer’s and other
dementias, and ROS is known to acti-
vate the transcription of some RTEs.
Although this association is more
tenuous, it is well within reason that
activation of retrotransposition and
ensuing genomic instability could con-
tribute to age-associated neuronal de-
generation. Hence, optimistically, we
could be looking at better prevention
and management of cancer and demen-
tia, two of the most debilitating age-
associated human conditions.

Acknowledgments

Research in the Sedivy laboratory was
supported by NIH/NIA grants R37
AGO016694 and RO1 AGO035328 to J.M.
S. J.A.K. was supported by a Mentored
Research Scientist Development Award
from the NIH/NIA, K01 AG039410, and
by NIH/NCRR grant P20 RR015578-10S1.
N.N. was supported by a Mentored
Quantitative Research Development
Award from the NIH/NIA, K25
AGO028753 and K25 AGO028753-03S1.
S.W.C. and T.I. were supported in part
by NIH/NIGMS Institutional Research
Training Grant T32 GMO007601. J.W.H.
was supported by an NRSA Individual
Predoctoral MD/PhD Fellowship from
the NIH/NIA, F30 AG035592. J.M.S. was
a Senior Scholar of the Ellison Medical
Foundation and a recipient of the Glenn
Award for Research on the Biological
Mechanisms of Aging from the Glenn
Foundation for Medical Research.

References

1. Niccoli T, Partridge L. 2012. Ageing as a risk
factor for disease. Curr Biol 22: R741-52.

2. Donmez G, Guarente L. 2010. Aging and
disease: connections to sirtuins. Aging Cell 9:
285-90.

3. Miller RA. 2012. Genes against aging. J
Gerontol A Biol Sci Med Sci 67: 495-502.

4. Partridge L, Alic N, Bjedov |, Piper MD.
2011. Ageing in Drosophila: the role of the
insulin/Igf and TOR signalling network. Exp
Gerontol 46: 376-81.

5. Harrison DE, Strong R, Sharp ZD, Nelson
JF, et al. 2009. Rapamycin fed late in life
extends lifespan in genetically heterogeneous
mice. Nature 460: 392-5.

6. Mercken EM, Carboneau BA, Krzysik-
Walker SM, de Cabo R. 2012. Of mice and
men: the benefits of caloric restriction,
exercise, and mimetics. Ageing Res Rev 11:
390-8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

J. M. Sedivy et al.

. Colman RJ, Anderson RM, Johnson SC,

Kastman EK, et al. 2009. Caloric restriction
delays disease onset and mortality in rhesus
monkeys. Science 325: 201-4.

. Mattison JA, Roth GS, Beasley TM, Tilmont

EM, et al. 2012. Impact of caloric restriction
on health and survival in rhesus monkeys from
the NIA study. Nature 489: 318-21.

. Pearson KJ, Baur JA, Lewis KN, Peshkin L,

et al. 2008. Resveratrol delays age-related
deterioration and mimics transcriptional
aspects of dietary restriction without extend-
ing life span. Cell Metab 8: 157-68.
Oberdoerffer P, Sinclair DA. 2007. The role
of nuclear architecture in genomic instability
and ageing. Nat Rev Mol Cell Biol 8: 692-702.
Taylor RC, Dillin A. 2011. Aging as an event
of proteostasis collapse. Cold Spring Harb
Perspect Biol 3: pii: a004440.

Sharpless NE, DePinho RA. 2007. How stem
cells age and why this makes us grow old. Nat
Rev Mol Cell Biol 8: 703-13.

Sedivy JM, Munoz-Najar UM, Jeyapalan
JC, Campisi J. 2007. Cellular senescence: A
link between tumor suppression and organ-
ismal aging? In Guarente L, Partridge L, eds;
The Molecular Biology of Aging. Cold Spring
Harbor: Cold Spring Harbor Laboratory
Press.

Larsson LG. 2011. Oncogene- and tumor
suppressor gene-mediated suppression of
cellular senescence. Semin Cancer Biol 21:
367-76.

Peeper DS. 2011. Oncogene-induced senes-
cence and melanoma: where do we stand?
Pigment Cell Melanoma Res 24: 1107-11.
Adams PD. 2009. Healing and hurting:
molecular mechanisms, functions, and pa-
thologies of cellular senescence. Mol Cell 36:
2-14,

Debacqg-Chainiaux F, Erusalimsky JD,
Campisi J, Toussaint O. 2009. Protocols
to detect senescence-associated beta-ga-
lactosidase (SA-betagal) activity, a biomarker
of senescent cells in culture and in vivo. Nat
Protoc 4: 1798-806.

Herbig U, Jobling WA, Chen BP, Chen DJ,
et al. 2004. Telomere shortening triggers
senescence of human cells through a path-
way involving ATM, p53, and p21(CIP1), but
not p16(INK4a). Mol Cell 14: 501-13.

Herbig U, Ferreira M, Condel L, Carey D,
et al. 2006. Cellular senescence in aging
primates. Science 311: 1257.

Waaijer ME, Parish WE, Strongitharm BH,
van Heemst D, et al. 2012. The number of
p16INK4a positive cells in human skin reflects
biological age. Aging Cell 11: 722-5.

Baker DJ, Wijshake T, Tchkonia T, LeB-
rasseur NK, et al. 2011. Clearance of
p16inkda-positive senescent cells delays
ageing-associated disorders. Nature 479:
232-6.

Tchkonia T, Zhu Y, van Deursen J, Campisi
J, et al. 2013. Cellular senescence and the
senescent secretory phenotype: therapeutic
opportunities. J Clin Invest 123: 966-72.
Drenos F, Kirkwood TB. 2005. Modelling the
disposable soma theory of ageing. Mech
Ageing Dev 126: 99-103.

Kirkwood TB, Holliday R. 1979. The evolu-
tion of ageing and longevity. Proc R Soc Lond
B Biol Sci 205: 531-46.

O’Sullivan RJ, Karlseder J. 2012. The great
unravelling: chromatin as a modulator of
the aging process. Trends Biochem Sci 37:
466-76.

1041

51801 SUOWILLIOD BANERID 3 (edt|ddde 8 Aq pauBAOE 918 SIPILR YO 88N J0'S3INI 0y ARRIG 1T BUIIUO AB|IA UO (SUO 1 IPLID-PUE-SWLISHWIOD"AB| W ARG BUIUO//STIL) SUONIPUOD PU SWLB | 3U 89S *[9202/90/90] U0 A1 8UIIUO AB1IM ‘LGOOOSIOZ'Q!QIZOOT'OTIIOPI'-UOO'/‘SI!N\'!ﬂil- puuuousdm-l;!u pape



(/)]
()
n
()
L
)
(o]
o
>
I

J. M. Sedivy et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sedivy JM, Banumathy G, Adams PD. 2008.
Aging by epigenetics-a consequence of
chromatin damage? Exp Cell Res 314:
1909-17.

Ivanov A, Pawlikowski J, Manoharan |, van
Tuyn J, et al. 2013. Lysosome-mediated
processing of chromatin in senescence. J
Cell Biol 202: 129-43.

O’Sullivan RJ, Kubicek S, Schreiber SL,
Karlseder J. 2010. Reduced histone biosyn-
thesis and chromatin changes arising from a
damage signal at telomeres. Nat Struct Mol
Biol 17: 1218-25.

Feser J, Truong D, Das C, Carson JJ, et al.
2010. Elevated histone expression promotes
life span extension. Mol Cell 39: 724-35.
Greer EL, Maures TJ, Hauswirth AG, Green
EM, et al. 2010. Members of the H3K4
trimethylation complex regulate lifespan in a
germline-dependent manner in C. elegans.
Nature 466: 383-7.

Chandra T, Narita M. 2013. High-order
chromatin structure and the epigenome in
SAHFs. Nucleus 4: 23-8.

Singhal RP, Mays-Hoopes LL, Eichhorn
GL. 1987. DNA methylation in aging of mice.
Mech Ageing Dev 41: 199-210.

Wilson VL, Smith RA, Ma S, Cutler RG. 1987.
Genomic 5-methyldeoxycytidine decreases
with age. J Biol Chem 262: 9948-51.
Deaton AM, Bird A. 2011. CpG islands and
the regulation of transcription. Genes Dev 25:
1010-22.

Estecio MR, Issa JP. 2011. Dissecting DNA
hypermethylation in cancer. FEBS Lett 585:
2078-86.

De Cecco M, Criscione SW, Peckham EJ,
Hillenmeyer S, et al. 2013. Genomes of
replicatively senescent cells undergo global
epigenetic changes leading to gene silencing
and activation of transposable elements.
Aging Cell 12: 247-56.

Huang CR, Burns KH, Boeke JD. 2012.
Active transposition in genomes. Annu Rev
Genet 46: 651-75.

de Koning AP, Gu W, Castoe TA, Batzer
MA, et al. 2011. Repetitive elements may
comprise over two-thirds of the human
genome. PLoS Genet 7: e1002384.

Levin HL, Moran JV. 2011. Dynamic inter-
actions between transposable elements and
their hosts. Nat Rev Genet 12: 615-27.
Burns KH, Boeke JD. 2012. Human trans-
poson tectonics. Cell 149: 740-52.

Beck CR, Collier P, Macfarlane C, Malig M,
et al. 2010. LINE-1 retrotransposition activity
in human genomes. Cell 141: 1159-70.

Lee E, Iskow R, Yang L, Gokcumen O, et al.
2012. Landscape of somatic retrotransposi-
tion in human cancers. Science 337: 967-71.
Dewannieux M, Esnault C, Heidmann T.
2003. LINE-mediated retrotransposition of
marked Alu sequences. Nat Genet 35: 41-8.
Hancks DC, Kazazian HH Jr. 2012. Active
human retrotransposons: variation and dis-
ease. Curr Opin Genet Dev 22: 191-203.
Ewing AD, Kazazian HH Jr. 2010. High-
throughput sequencing reveals extensive
variation in human-specific L1 content in
individual human genomes. Genome Res
20: 1262-70.

Waterston RH, Lindblad-Toh K, Birney E,
Rogers J, et al. 2002. Initial sequencing and
comparative analysis of the mouse genome.
Nature 420: 520-62.

Shukla R, Upton KR, Munoz-Lopez M,
Gerhardt DJ, et al. 2013. Endogenous

1042

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

retrotransposition activates oncogenic path-
ways in hepatocellular carcinoma. Cell 153:
101-11.

Solyom S, Ewing AD, Rahrmann EP,
Doucet T, et al. 2012. Extensive somatic L1
retrotransposition in colorectal tumors. Ge-
nome Res 22: 2328-38.

Rodic N, Burns KH. 2013. Long interspersed
element-1 (LINE-1): passenger or driver in
human neoplasms? PLoS Genet 9: e1003402.
Baillie JK, Barnett MW, Upton KR, Ger-
hardt DJ, et al. 2011. Somatic retrotranspo-
sition alters the genetic landscape of the
human brain. Nature 479: 534-7.

Coufal NG, Garcia-Perez JL, Peng GE, Yeo
GW, et al. 2009. L1 retrotransposition in
human neural progenitor cells. Nature 460:
1127-31.

Thomas CA, Paquola AC, Muotri AR. 2012.
LINE-1 retrotransposition in the nervous
system. Annu Rev Cell Dev Biol 28: 555-73.
Evrony GD, Cai X, Lee E, Hills LB, et al.
2012. Single-neuron sequencing analysis of
L1 retrotransposition and somatic mutation in
the human brain. Cell 151: 483-96.

Kubo S, Seleme MC, Soifer HS, Perez JL,
et al. 2006. L1 retrotransposition in nondivid-
ing and primary human somatic cells. Proc
Nat/ Acad Sci USA 103: 8036-41.

Shi X, Seluanov A, Gorbunova V. 2007. Cell
divisions are required for L1 retrotransposi-
tion. Mol Cell Biol 27: 1264-70.

Maxwell PH, Burhans WC, Curcio MJ.
2011. Retrotransposition is associated with
genome instability during chronological ag-
ing. Proc Natl Acad Sci USA 108: 20376-81.
Li W, Prazak L, Chatterjee N, Gruninger S,
et al. 2013. Activation of transposable ele-
ments during aging and neuronal decline in
Drosophila. Nat Neurosci 16: 529-31.
Barbot W, Dupressoir A, Lazar V, Heid-
mann T. 2002. Epigenetic regulation of an IAP
retrotransposon in the aging mouse: progres-
sive demethylation and de-silencing of the
element by its repetitive induction. Nucleic
Acids Res 30: 2365-73.

. Rodier F, Campisi J. 2011. Four faces of

cellular senescence. J Cell Biol 192: 547-56.
Hagan CR, Sheffield RF, Rudin CM. 2003.
Human Alu element retrotransposition in-
duced by genotoxic stress. Nat Genet 35:
219-20.

Jolly C, Metz A, Govin J, Vigneron M, et al.
2004. Stress-induced transcription of satellite
Il repeats. J Cell Biol 164: 25-33.

Li T, Spearow J, Rubin CM, Schmid CW.
1999. Physiological stresses increase mouse
short interspersed element (SINE) RNA ex-
pression in vivo. Gene 239: 367-72.
Valgardsdottir R, Chiodi I, Giordano M,
Cobianchi F, et al. 2005. Structural and
functional characterization of noncoding re-
petitive RNAs transcribed in stressed human
cells. Mol Biol Cell 16: 2597-604.

Coufal NG, Garcia-Perez JL, Peng GE,
Marchetto MC, et al. 2011. Ataxia telangiec-
tasia mutated (ATM) modulates long inter-
spersed element-1 (L1) retrotransposition in
human neural stem cells. Proc Natl Acad Sci
USA 108: 20382-7.

Jurk D, Wang C, Miwa S, Maddick M, et al.
2012. Postmitotic neurons develop a p21-
dependent senescence-like phenotype driv-
en by a DNA damage response. Aging Cell 11:
996-1004.

Kreiling JA, Tamamori-Adachi M, Sexton
AN, Jeyapalan JC, et al. 2011. Age-associ-

Bioessays 35: 1035-1043, © 2013 The Authors

Insights & Perspectives | |

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

78.

79.

80.

81.

82.

83.

84.

ated increase in heterochromatic marks in
murine and primate tissues. Aging Cell 10:
292-304.

Fumagalli M, Rossiello F, Clerici M, Barozzi
S, et al. 2012. Telomeric DNA damage is
irreparable and causes persistent DNA-dam-
age-response activation. Nat Cell Biol 14:
355-65.

Hewitt G, Jurk D, Marques FD, Correia-
Melo C, et al. 2012. Telomeres are favoured
targets of a persistent DNA damage response
in ageing and stress-induced senescence.
Nat Commun 3: 708.

Rodier F, Munoz DP, Teachenor R, Chu V,
et al. 2011. DNA-SCARS: distinct nuclear
structures that sustain damage-induced se-
nescence growth arrest and inflammatory
cytokine secretion. J Cell Sci 124: 68-81.
Muotri AR, Marchetto MC, Coufal NG,
Oefner R, et al. 2010. L1 retrotransposition
in neurons is modulated by MeCP2. Nature
468: 443-6.

Young JI, Sedivy JM, Smith JR. 2003.
Telomerase expression in normal human
fibroblasts stabilizes DNA 5-methylcytosine
transferase |. J Biol Chem 278: 19904-8.
Czech B, Malone CD, Zhou R, Stark A, etal.
2008. An endogenous small interfering
RNA pathway in Drosophila. Nature 453:
798-802.

Kawamura Y, Saito K, Kin T, Ono Y, et al.
2008. Drosophila endogenous small RNAs
bind to Argonaute 2 in somatic cells. Nature
453: 793-7.

Khurana JS, Theurkauf W. 2010. piRNAs,
transposon silencing, and Drosophila germ-
line development. J Cell Biol 191: 905-13.
Malone CD, Brennecke J, Dus M, Stark A,
et al. 2009. Specialized piRNA pathways act
in germline and somatic tissues of the
Drosophila ovary. Cell 137: 522-35.

Shoji M, Tanaka T, Hosokawa M, Reuter M,
et al. 2009. The TDRD9-MIWI2 complex is
essential for piRNA-mediated retrotranspo-
son silencing in the mouse male germline. Dev
Cell 17: 775-87.

. Perrat PN, DasGupta S, Wang J, Theurkauf

W, et al. 2013. Transposition-driven genomic
heterogeneity in the Drosophila brain. Sci-
ence 340: 91-5.

Ghildiyal M, Seitz H, Horwich MD, Li C, et al.
2008. Endogenous siRNAs derived from
transposons and mRNAs in Drosophila so-
matic cells. Science 320: 1077-81.
Watanabe T, Totoki Y, Toyoda A, Kaneda
M, et al. 2008. Endogenous siRNAs from
naturally formed dsRNAs regulate transcripts
in mouse oocytes. Nature 453: 539-43.
Yang N, Kazazian HH Jr. 2006. L1 retro-
transposition is suppressed by endogenously
encoded small interfering RNAs in human
cultured cells. Nat Struct Mol Biol 13: 763-71.
Mori MA, Raghavan P, Thomou T, Boucher
J, etal. 2012. Role of microRNA processing in
adipose tissue in stress defense and longevi-
ty. Cell Metab 16: 336-47.

Shalgi R, Pilpel Y, Oren M. 2010. Repression
of transposable-elements — a microRNA anti-
cancer defense mechanism? Trends Genet
26: 253-9.

Bourc’his D, Bestor TH. 2004. Meiotic
catastrophe and retrotransposon reactivation
in male germ cells lacking Dnmt3L. Nature
431: 96-9.

Carmell MA, Girard A, van de Kant HJ,
Bourc’his D, et al. 2007. MIWI2 is essential
for spermatogenesis and repression of

. BioEssays published by WILEY Periodicals, Inc.

35UBD17 SUOLULLIOD dAIER.1D) 3|dedl|dde a) Ag pausenoh ae ool YO B8N JO S3InJ 10y Aeiq 17 BUlIUO /8|1 UO (SUOIIPUOD-PUR-SWLR}AL0D AS| 1M ARe.q 1o [UO//:SdNL) SUORIPUOD pue SWB L 84} 893S *[9202/90/90] Lo Afeiq1T sulluO A8|IM ‘26000ETOZ S210/200T OT/I0Pp/W0D A3 1M Afelq U0/ SdnY W4 popeo|umMoq ‘2T ‘€T0Z ‘8L8TTZST



85.

86.

87.

88.

89.

Bioessays 35: 1035-1043, © 2013 The Authors. BioEssays published by WILEY Periodicals, Inc.

[ | B Insights & Perspectives

transposons in the mouse male germline. Dev
Cell 12: 503-14.

Faulkner GJ, Kimura Y, Daub CO, Wani S,
et al. 2009. The regulated retrotransposon
transcriptome of mammalian cells. Nat Genet
41: 563-71.

Naito K, Zhang F, Tsukiyama T, Saito H,
et al. 2009. Unexpected consequences of a
sudden and massive transposon amplification
on rice gene expression. Nature 461: 1130-4.
Akagi K, Li J, Symer DE. 2013. How do
mammalian transposons induce genetic vari-
ation? A conceptual framework. BioEssays
35: 397-407.

St Laurent G 1ll, Hammell N, McCaffrey TA.
2010. A LINE-1 component to human aging:
do LINE elements exact a longevity cost for
evolutionary advantage? Mech Ageing Dev
131: 299-305.

Belancio VP, Hedges DJ, Deininger P.
2008. Mammalian non-LTR retrotransposons:

90.

91.

92.

93.

94.

for better or worse, in sickness and in health.
Genome Res 18: 343-58.

Belancio VP, Roy-Engel AM, Pochampally
RR, Deininger P. 2010. Somatic expression
of LINE-1 elements in human tissues. Nucleic
Acids Res 38: 3909-22.

Gasior SL, Wakeman TP, Xu B, Deininger
PL. 2006. The human LINE-1 retrotransposon
creates DNA double-strand breaks. J Mol Biol
357: 1383-93.

Coppe JP, Patil CK, Rodier F, Sun Y, et al.
2008. Senescence-associated secretory phe-
notypes reveal cell-nonautonomous functions
of oncogenic RAS and the p53 tumor
suppressor. PLoS Biol 6: 2853-68.

Rodier F, Coppe JP, Patil CK, Hoeijmakers
WA, et al. 2009. Persistent DNA damage signal-
ling triggers senescence-associated inflamma-
tory cytokine secretion. Nat Cell Biol 11: 973-9.
Young GR, Stoye JP, Kassiotis G. 2013. Are
human endogenous retroviruses pathogenic?

95.

96.

97.

98.

J. M. Sedivy et al.

An approach to testing the hypothesis.
BioEssays 35: 794-803.

Oberdoerffer P, Michan S, McVay M,
Mostoslavsky R, et al. 2008. SIRT1 redistri-
bution on chromatin promotes genomic
stability but alters gene expression during
aging. Cell 135: 907-18.

Smith RL, de Boer R, Brul S, Budovskaya
Y, et al. 2012. Premature and accelerated
aging: HIV or HAART? Front Genet 3:
328.

Dai L, Huang Q, Boeke JD. 2011. Effect
of reverse transcriptase inhibitors on LINE-1
and Ty1 reverse transcriptase activities and
on LINE-1 retrotransposition. BMC Biochem
12: 18.

Jones RB, Garrison KE, Wong JC, Duan
EH, et al. 2008. Nucleoside analogue reverse
transcriptase inhibitors differentially inhibit
human LINE-1 retrotransposition. PLoS One
3: e1547.

1043

sosayjodAy

51801 SUOWILLIOD BANERID 3ed|dde U Aq paUBACE B8 S WO 88N J0'S3INI 0} ARRIGIT BUIIUO A3 1A UO (SUOIPUOD-PUE-SWLBHWIOD"/B | M ARG BUT|UO//:ScY) SUOIIPUOD PUE SWLB | 3U) 385 *[9202/90/90] U0 ARIq11 8UIIUO AB]IM *Z6000STOZ S9IG/Z00T OT/I0p/W00" B I



