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Abstract

Throughout the animal kingdom, p53 genes function to restrain mobile elements and recent
observations indicate that transposons become derepressed in human cancers. Together, these
emerging lines of evidence suggest that cancers driven by p53 mutations could represent
‘transpospoathies’, i.e. disease states linked to eruptions of mobile elements. The transposopathy
hypothesis predicts that p53 acts through conserved mechanisms to contain transposon movement
and, in this way, prevents tumor formation. How transposon eruptions provoke neoplasias is not
well understood but, from a broader perspective, this hypothesis also provides an attractive
framework to explore unrestrained mobile elements as inciters of late-onset idiopathic disease.
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“The past is already written. The ink is dry.”

-Game of Thrones

Introduction

The p53 gene family occupies central positions in stress response networks throughout the
animal kingdom. In humans, p53 is altered in most cancers and implicated in age-related
diseases. As transcription factors, products encoded by this gene family mediate selective
activation and repression of targets to specify adaptive responses. However, despite extensive
characterization, precisely how they act to suppress tumors and mitigate age-related disease
remains poorly understood. Since p53 genes are broadly conserved, ancestral properties of
these genes offer promising routes towards understanding functions of p53 that become
deranged in human diseases. Leveraging genetic models to interrogate p53 function in vivo,
we discovered that p53 normally acts to contain retrotransposons [1], which are mobile
elements broadly implicated in sporadic and heritable human disease. Furthermore, in
complementation studies, normal human p53 genes could restrain transposons but mutant
alleles from cancer patients were disabled for this activity, suggesting that p53 mitigates
disease, in part, by suppressing the movement of transposons. Consistent with this,
unrestrained retrotransposons were detected in p53-driven mouse and human cancers. We
consider these new findings within the context of common misconceptions and frame the
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implications within a novel hypothesis that links defective p53 to eruptions of mobile
elements and potential ‘transposopathies’.

Three common myths about p53

As one of the most highly studied and cited genes, p53 has attracted compelling discoveries
and numerous controversies. But, along with this celebrity status, p53 research is also
branded with three fables that have likely precluded a thorough exploitation of p53 biology
in the clinic.

Myth 1: We know how p53 acts to suppress tumors

Mutations in p53 define perhaps the most common class of genetic culprits seen in
neoplastic disease, occurring in over half of human cancers. Hence, it is commonly
postulated that p53 needs to be disabled in order for cancers to form and, for this reason, it is
intensively studied and commonly featured in the cancer research community. However,
despite impressive advances, unexplained mysteries have confounded efforts to articulate a
definitive account for how this single gene specifies tumor suppression. Underscoring this
point, no single effector or combination of effectors has replicated p53~ cancer phenotypes
when genetically tested and, in fact, mice that are triply mutated for p21, noxaand puma
remained surprisingly tumor free despite failures in apoptosis and proliferation checkpoints
[2]. Likewise, mice harboring an acetylation-defective engineered p53 allele also remained
tumor free despite the combined loss of p53-mediated cell-cycle arrest, apoptosis and
senescence [3]. Hence, p53 is clearly able to suppress tumor formation without the need for
these canonical effectors and their associated responses. So, given this inconvenient truth,
how does p53 actually prevent cancers?

Myth 2: p53is a conventional tumor suppressor

Though commonly cited as a text book example for tumor suppressor genes, p53 does not
truly qualify as a poster child for this class of genes. Unlike conventional tumor suppressors,
which show biallelic inactivation, the mutation spectrum seen in patient tumors is heavily
skewed toward missense alterations of the full length protein [4]. These mutants were
conventionally thought to act as dominant negatives (by poisoning tetrameric complexes)
but, in most cancers, these variants exist in trans to a complete deletion at the alternate locus
[5, 6], revealing patterns entirely at odds with dominant negative models [7-9]. Consistent
with this, knock-in mice “humanized” with p53 cancer alleles produced more severe and
more diverse cancer types compared to nulls [10-12], reflecting gain-of-function oncogenic
properties that are clearly distinct from dominant negative activity [13]. Furthermore, p53
mutant proteins are frequently stabilized in cancers and these two properties seem to be
fundamentally linked, perhaps through disruption of a negative feedback loop involving
MDM2, an E3 ligase responsible for p53 turnover [7, 9]. However, accumulation of p53 per
se appears to be a manifestation of the transformed state rather than a primary cause of it,
since p53 stabilization does not occur when normal tissues are sampled from Li Fraumeni
patients (germ line p53 mutants) or from humanized ‘knock-in” mutant mice [14]. Taken
together, genetic lessons from humans and mice establish that, strictly speaking, p53 is not a
conventional tumor suppressor gene. Instead, it seems that cellular transformation involves
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loss of growth suppression, encoded by wild type p53, together with poorly understood gain-
of-function activity conferred by p53 point mutants [14].

Myth 3: p53 evolved to prevent tumors

The evolutionary appearance of p53 genes was previously thought to coincide with the
emergence of multicellular organisms [15]. However, more recent phyletic evidence shows
that p53 was present in unicellular protists as well as vertebrates and invertebrates [16]
suggesting that p53 genes have evolutionary roots predating tumor formation by hundreds of
millions of years [15, 17-19]. Hence, p53 was initially molded by selective pressures
unrelated to cancer and only later became co-opted for tumor suppression in long-lived
animals. If true, this inference suggests that attempts to identify ancient p53 effectors could
open promising routes towards understanding adaptive functions of p53 that, when
deranged, cause human diseases [15, 19-21].

Common ancestry in the p53 network

Before the emergence of adaptations for tumor prevention, what were the ancient functions
of p53? Are these fundamentally relevant for tumor suppression by p53 today? And, why do
missense variants dominate the allelic spectrum seen in patient tumors? Since p53 genes are
broadly conserved, evolutionary principles suggest that ancient foundations supporting this
tumor suppression network could advance answers to these questions. Like mammalian
counterparts, p53 genes in flies and worms act to specify adaptive responses to damage and
promote genome stability (reviewed in [15, 21, 22]). As transcription factors, fly p53 and
human p53 bind to identical sequence elements [23-25] but perhaps the most definitive
evidence for functional conservation comes from studies on ‘humanized p53 fly strains”,
where human p53 genes were used to rescue defective phenotypes caused by mutations in
the fly counterpart [26]. Upstream regulators in these networks are also conserved. For
example, in both flies and mammals, the Chk2 kinase activates p53 [27]. Likewise, during
meiotic recombination [28] the action of Spol11 exposed an intrinsic physiological role for
p53 in meiosis in both flies and mice [28] raising the possibility that tumor-suppressive
functions were co-opted from primordial activities coupled to DNA breaks during genetic
recombination [15, 28]. Abnormal growth often provokes p53 activity in mammals [29, 30]
and, likewise, unscheduled growth (e.g. RasV12) or failed differentiation similarly provokes
p53 activity in flies [31], indicating that ancestral pathways are involved. Moreover, these
unappreciated mechanisms are very likely conserved but they do not involve ARF or
MDM2, since both are absent in flies. Similarly, important parallels occur at the level of
downstream target genes. For example, prominent p53 target effectors shared in common
between flies and mammals include AP antagonists, death receptors and ribonucleotide
reductase [15, 32-35].

Mobile elements provoke p53 action

In the lab, genotoxic drugs and ionizing radiation are routinely used to trigger p53 responses
but none of these represent ‘natural’ agents that we would expect ancestral organisms to
normally encounter. Reasoning that mobile elements might qualify as physiologically
relevant genome destabilizers, we tested whether transposon activity might provoke p53
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function. To do this, we tested p53 biosensors in mutants defective for the piRNA network,
an ancient system that curbs retrotransposons in the animal germline. When effectors in this
pathway are mutated, generalized derepression of these mobile elements is observed [36, 37]
and, in association with this, we observed persistent p53 activity [31]. Notably, this
constitutive p53 activity occurred without challenge by exogenous stressors and, consistent
with this, robust genetic interactions between p53 and components of the piRNA pathway
were also detected [1]. Together, these observations established that retrotransposons can
provoke functional p53 activity, raising the possibility that these mobile elements could have
shaped primordial p53 networks.

p53 contains mobile elements in model systems and in cancers

Active mobile elements consistently triggered p53 [31], raising the possibility that p53
might do more than just sense mobile elements and could perhaps act to contain them. To
test this idea, we profiled multiple classes of retrotransposons in p53~ flies and, strikingly,
all were dysregulated, with some exhibiting quite profound derepression when p53 was
absent. Likewise, similarly striking patterns occurred in p53 mutant zebrafish challenged
with a synthetic transposon enabling us to directly score de novo integration events [1].
Consistent with this, p53 has also been shown to negatively regulate transcription of
repetitive elements and endogenous retroviruses in cultured cell lines [38—40]. Together,
these findings establish that containing mobile elements is a broadly conserved function of
the p53 genes in short-lived model systems and cultured somatic cell lines [41].

Does human p53 encode this same genoprotective activity and, if so, could this also help
explain how the human gene acts to suppress tumor formation? To address this question, we
engineered strains that replace the fly p53 gene with human alleles, producing a collection of
flies that are, in effect, ‘humanized’ for p53 variants most commonly seen in cancer patients.
In this complementation platform, human p53 restrained mobile elements and corrected
dysregulated transposon phenotypes seen in p53~ animals but, remarkably, all five cancer-
associated alleles were disabled for this activity despite expressing comparable levels of
protein. Hence, suppressing transposons is a general property of p53 genes that extends well
beyond short-lived animals and includes humans. Furthermore, since cancer-associated
alleles were commonly defective for this function, these observations raise the hypothesis
that p53 tonically restrains transposons through conserved mechanisms that, if defective,
could drive tumors. If true, associations between p53 mutations and elevated retroelements
should be exposed in cancers. Consistent with this prediction, robust derepression of L1 and
IAP retrotransposons was specifically linked to p53~ driven cancers in mice [1]. Likewise, in
human RNA seq data sets, elevated L1 retrotroelement RNAs were strongly associated with
p53 status in colon cancers [1] and, importantly, these links were specific to L1 elements,
since no associations emerged between p53~ status and either low complexity repeats or
simple repeats in these same data sets [1]. Similarly, in Wilms tumors specimens, L1
retroelement eruptions clearly stratified with p53 mutations [1].
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p53-driven cancers as transposopathies

The observations in Wylie et al. [1] raise an attractive model, which views p53 as a restraint
against mobile elements. In this scenario p53 is a custodian of mobile elements, guarding
against “transposopathies” by surveilling transposons and containing their activity (see
Figure 1). Accordingly, failures in p53 function foster conditions permissive for transposon
eruptions that either promote tumor formation or predispose tissues toward neoplastic
growth. This “transposopathy hypothesis” is attractive for numerous reasons. First, it offers a
new and testable mechanism for p53-mediated tumor suppression which, in the real world,
may collaborate with well known modalities that involve checkpoints and apoptosis. Second,
it helps explain the inherent instability of cancer genomes, since hyperactive transposons
encourage destabilizing events, including chromosomal rearrangements. Third, defective
containment of mobile elements is consistent with mounting evidence for transposon
movement in cancer genomes [42, 43]. Fourth, given that retroelements incite inflammatory
responses [44-50] it opens plausible explanations for intimate links seen between cancers
and inflammation. And finally, the transposopathy hypothesis offers a compelling candidate
for the mysterious ancestral function encoded by p53 genes that may have been coopted for
tumor suppression.

How does p53 act to contain transposons?

Throughout the animal kingdom p53 can trigger stress-dependent apoptotic responses [15]
so, perhaps p53 acts by purging cells that have experienced transposons eruptions. Though
attractive, this is not a satisfactory explanation since p53 restrains retrolelements in ways
that are clearly uncoupled from apoptotic responses. This inference is supported by multiple
observations. First, virtually no programmed cell death occurs in the germ line cells of the
Drosophila ovary, where we know p53 acts [51]. Second, the rare apoptotic events that are
occasionally seen in this organ are unaffected by p53 status [31]. Third, p53-dependent
effects in zebrafish were seen prior the onset of programmed cell death [1]. Fourth, other
mutants defective for stress-induced death (e.g. ¢hk2") do not exhibit transposon
derepression [1]. These observations point to primary mechanisms that are unrelated to cell
death which, if overwhelmed, could possibly engage apoptosis as a secondary, fail-safe
mechanism.

So, if purging cells that have experienced retroelement eruptions is not the primary
explanation, how does p53 actually restrain mobile elements? Some of the most compelling
clues in this regard come from studies where synthetic retroelements were injected into
zebrafish embryos and then profiled for epigenetic histone modifications. In wild type fish,
robust H3K9me3 marks were deposited at 5” regulatory sequences but these same repressive
marks were starkly absent when examined in p53~ mutants. Hence, it appears that p53
normally instructs epigenetic features that control retrotransposon activity [1]. Furthermore,
this could plausibly involve direct mechanisms, since p53 can associate with at least one
histone methyltransferase [52] and p53 binding sites have been reported in human LINE 1
retroelements [53].
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p53 might also collaborate with the piRNA system to contain the action of retrotransposons
and several lines of evidence from the Drosophila model support this possibility. For
example, p53 genetically interacts with a pivotal catalytic component of the piRNA network,
referred to as Aubergine [36, 37, 54, 55]. Moreover, similar to other mutants of the piRNA
biogenesis pathway [56], loss of p53 caused abnormal accumulation of piRNA precursor
RNAsS, suggesting that p53 acts at steps impacting the biogenesis of piRNAs.

Future discoveries will elaborate precisely how transposon eruptions contribute to
neoplasias. Do new integrations impact pivotal genes? Do they incite cancers or exacerbate
them? Or perhaps transposon RNAs and DNAs are themselves are pathogenic? Recent work
has highlighted the role of accumulated cytosolic LINE derived DNAs in the inflammatory
pathology driving cardiomyopathy in a mouse model [57-61]. Likewise, p53 can promote
inflammatory responses that suppress viral replication [62]. Future studies could also resolve
how p53 detects active mobile elements and illuminate p53-dependent effectors that restrain
transposons. As part of the ancestral landscape in this network, these findings too are likely
to generalize and could themselves present compelling opportunities for demystifying the
p53 pathway. For example, because a deranged protein can impact networks in ways that are
distinct from simply removing them, they may help explain why missense p53 mutations are
predominant in cancers. Finally, it will also be important to determine whether other p53
subfamilies (e.g. p63 and p73) similarly restrain mobile elements.

The transposopathy hypothesis as a framework for sporadic disease

Unlike most genetic material, transposons can mobilize to new genomic locations. In the
healthy state, they are effectively contained through mechanisms that are only partially
understood. The advent of new deep sequencing technologies is enabling a new appreciation
of the scale at which these elements can impact somatic genomes and the extent to which de
novo integrations are tolerated. Conceivably, if unrestrained, the cumulative effects of
dysregulated mobile elements could erode genome function, prompting distinct
histopathologies in different tissue types. Here we have proposed that in stem cells (or other
cells with proliferative potential) the p53~ state is permissive for transposon eruptions that
predispose toward neoplastic growth. So what might happen if mobile elements become
unrestrained in cells that lack proliferative potential, such as muscles or neurons? In this
scenario, as the function of genomes in terminally differentiated cells erodes, it seems
plausible that sporadic, age-related syndromes could occur. Given this, we believe the
transposopathy hypothesis also offers an attractive framework to explore dysregulated
mobile elements as inciting events that could provoke late-onset idiopathic disease in
otherwise healthy individuals.

Conclusions

Restraining mobile elements is a broadly conserved function of p53 that likely constitutes a
key mechanism of cancer prevention by this tumor suppressor. We propose that p53-driven
cancers, and perhaps other diseases, are incited by transposon eruptions manifesting as
transposopathies when the genomes of diseased cells are examined. If verified, the
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transposopathy hypothesis offers exciting implications for developing new diagnostic tools
and and new therapeutic agents for disease treatment.
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Figure 1.

p53 senses and represses retrotransposons. Retroelements move through an RNA
intermediate, are reverse transcribed, and integrate into the genome and can cause mutations
and genomic instability. These mobile elements are incited to move by exogenous stressors
and DNA breaks associated with meiotic recombination [63]. The p53 tumor suppressor
senses retrotransposon movement and acts to restrain these mobile elements. When p53 is
mutated, retroelement activity is dramatically increased [1], which could potentially drive
tumorigenesis and other transposopathies.
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