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“iAh desgraciado si el dolor te abate,
si el cansancio tus miembros entumece!
Haz como el arbol seco: reverdece
y como el germen enterrado: late.”

- José de Diego, “En la Brecha”
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ABSTRACT

Cancer is a disease intrinsic to multicellularity. Within a species, body size and lifespan are
strongly correlated with cancer risk; between species, however, this correlation no longer holds.
This phenomena, known as Peto’s Paradox, requires that species evolve cancer suppression
mechanisms alongside increases in size and lifespan. Previous studies have identified instances
of tumor suppressor duplications in large, long-lived species, suggesting a greater role for gene
duplication in resolving Peto’s Paradox. Thus, in this thesis, I identified all protein-coding
gene duplications in available genomes to determine if tumor suppressor pathways were
enriched among duplicated genes in large, long-lived species. Then, I selected two hits in
large, long-lived species to characterize in primary fibroblasts, and determine their effects
on cell cycle and cell death in response to stress: LIF in the African Elephant (Lozodonta
africana) and TP53 in the Little Brown Bat (Myotis lucifugus).

To determine if tumor suppressors gene duplications are more common in large-bodied
Atlantogenatans, 1 used a Reciprocal Best-Hit BLAT strategy to obtain copy numbers of all
protein-coding genes in Atlantogenatan genomes. From an initial set of 18,011 protein-coding
genes, | identified a median of 13,880 genes in Atlantogenatan genomes, of which a median
of 940 genes are duplicated. Just as body size fluctuates throughout Atlantogenata, tumor
suppressor genes also duplicated throughout the phylogenetic tree; furthermore, many of
them remain transcriptionally active in extant elephants. Together, the data suggest that
the duplication of tumor suppressor genes facilitated the evolution of increased body size in
Atlantogenata.

The resurrection and re-functionalization of a LIF pseudogene (LIF6) with pro-apoptotic
functions in elephants and their extinct relatives (Proboscideans) may have played a role in
resolving Peto’s Paradox. LIF6 is transcriptionally up-regulated by TP53 in response to
DNA damage, and translocates to the mitochondria where it induces apoptosis. Phylogenetic
analyses of living and extinct Proboscidean LIF6 genes indicates its TP53 response element

x1



evolved coincident with the evolution of large body sizes in the Proboscidean stem-lineage.
These results suggest that re-functionalizing of a pro-apoptotic LIF pseudogene may have
been permissive (though not sufficient) for the evolution of large body sizes in Proboscideans.

In the long-lived bat, Myotis lucifugus, I describe a duplication of the TP53-WRAP53
locus which may play a role in shaping its unique stress response. While pseudogene copies
of TP53 are common in Myotis bats, M. lucifugus has a unique, syntenic duplication
of TP53-WRAP53 that has conserved both regulatory and transcriptional functionality.
Relative to 4 other closely related bat species (M. evotis, M. thysanodes, M. yumanensis,
and E. fuscus), the M. lucifugus demonstrates a unique resistance to DNA damage and
generalized oxidative stress, resembling the phenotype of a TP53-WRAP53 locus duplication
in a previously-described transgenic mouse model.

Overall, these results suggest that gene duplication plays an important role in Peto’s
Paradox. While tumor suppressor duplications may facilitate the evolution of increased
lifespans and body sizes in the short term, my work suggests the need for a polygenic or

omnigenic model for Peto’s Paradox in order to comprehensively lay this question to rest.
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CHAPTER 1
INTRODUCTION

1.1 Two paradigms, one paradox

The relationship between cancer, body size, and lifespan in mice and men has been known
for quite some time. It is known that differences in body size between members of the same
species lead to proportional differences in cell counts within their body. Thus, if any cell
in the body has the potential to become cancerous, then taller individuals with more cells
should have a proportionally higher risk of cancer; unsurprisingly, this holds true not only in
humans, but in other species such as dogs and mice.

Similarly, the time-dependent nature of mutagenesis and oncogenesis should lead to a
positive relationship between cancer risk and age. As time passes, cells acquire and accumulate
mutations which eventually lead to oncogenesis; furthermore, there may be other biological
processes associated with age, such as decreased immunosurveillance, that can allow tumors to
establish and thrive in the body. The increased incidence rate of cancer in older populations
relative to younger populations has been well-established, not only in humans, but in many
other species as well.

The fact that the relationships between cancer and body size and lifespan is present in
multiple species suggests that this relationship is a fundamental biological fact, as opposed to
a species-specific curiosity. Extrapolating these within-species studies of cancer epidemiology
to comparisons between species, however, lead to the discovery of an equally fundamental
contradiction that holds the promise of a new world of insight into the biology of cancer
avoidance and treatment, cancer risk does not corelate with either body size or lifespan across
species, an observation that has become known as “Peto’s Paradox”.

Numerous mechanisms have been proposed to resolve Peto’s paradox, including reduced

copy number of oncogenes, an increase in the copy number of tumor suppressor genes
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[21, 99, 125], reduced metabolic rates leading to decreased free radical production, reduced
retroviral activity and load [88], increased immune surveillance, and selection for ‘cheater’
tumors that parasitize the growth of other tumors [122], among many others. Gene duplication
has long been recognized to play an important role in the generation of evolutionarily relevant
phenotypic variation but thus far been understudied as a particularly parsimonious resolution
to the evolution of Peto’s Paradox. By sequencing new genomes, many studies have examined
positive selection and conservation of tumor suppressor genes in large, long-lived species
to elucidate which genes are involved in mediating Peto’s Paradox [190, 158, 135, 40, 116,
44, 93, 43, 100, 54, 192, 89]. However, many studies have described individual cases of
tumor suppressor gene duplications[180, 170, 1], which suggests that sequence evolution in
1:1 orthologous genes may not fully resolve Peto’s Paradox; they have also used methods that
mask recent gene duplications.

In this work, I explore more thoroughly the possibility that gene duplication played a
role in the resolution of Peto’s Paradox in lineages with a high theoretical risk of cancer,
such as Elephants, Whales, and Bats. To do so, I first investigate the overall pattern of
gene duplication for all human protein-coding homologs in other genomes to determine if
tumor suppressor gene duplications are especially enriched among the pool of genes which
have duplicated in lineages with exceptional body sizes or lifespans. Then, I functionally
characterize two such duplicated genes - LIF and TP53 - to determine if the duplicate copies

conserve functionality in vitro using a primary cell culture model that accurately reflects the

biology of the whole organism.

1.2 How one becomes too many: the Multistage Model of
Carcinogenesis

The crux of Peto’s Paradox and this work lies in the understanding of how tumors form and

develop. While many theories of carcinogenesis have been postulated, one of the simplest
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and most powerful models is the Multistage Model of Carcinogenesis [7, 6, 140]. The model
describes cancer as a multistage process, where cells progress through a number of states
until reaching a rate-limiting “precancerous” stage; at this point, the next state change will
create a cancerous cell that begins to propagate and divide uncontrollably. The transitions
from a normal cell to a cancer cell are, functionally, mutations and other disorders that are
well-described by various hallmarks of cancer [61, 62].

Each state change is a time-dependent process, as such, the cancer risk of a single
cell is proportional to the time that the organism has been alive. This age-dependence of
cancer is familiar to humans: Figure 1.1A displays the positive correlation between age and
cancer incidence rate per 100,000 individuals based on data sourced from the Surveillance,
Epidemiology, and End Results Program by the National Cancer Institute’s Division of Cancer
Control and Population Sciences [172]. Perhaps unsurprisingly, tissues that are exposed
to chronic sources of stress, such as digestive tissues (acidity, replication stress) [18, 162]
and lungs (oxidative stress, carcinogen exposure) have a stronger time-relationship than
tissues such as bones and joints, which replicate slowly and experience more limited stress,
and have smaller populations of epithelial cells which are particularly prone to cancerous
transformation [112, 119]. However, importantly, even these tissues see a correlation with
age, indicating that time affects the cancer risk of all cells.

An individual’s overall cancer risk is the sum of the cancer risk over all the cells in their
body; as such, individuals with a greater number of cells are at greater risk of cancer than
individuals with a lower number of cells. Height serves as a useful proxy for cell number
(independent of estimates such as body mass index which is correlated with other health
problems), as actively dividing cells? size remains invariant both within and between species.
Various studies, including the five population-level studies examined by Nunney (2018)
[97, 56, 81, 186, 171, 127], have shown that both height and BMI correlate with various

cancers; Figure 1.1B reproduces the summary data from Nunney (2018) [127] for both sexes,



for various cancers. The overall mean hazard ratio per 10cm height increase for all cancers
and sexes was 1.11 (95% CI 1.09-1.12), indicating that there is a significant effect of body
size on cancer risk.

Aside from humans, the multistage model of carcinogenesis is supported by data from
other species. Larger dog lbreeds, for example, are at a greater risk of cancer than short-lived
species [34]; furthermore, for both dogs and cats, cancer incidence rates per 100,000 have
been shown to increase significantly over the lifetime of the species [38]. Meanwhile, in cattle,
age has been shown to be significantly correlated with the incidence rate of various neoplasia
[104]. Neoplasia has additionally been reported for various other species of mammals, birds,
and dogs in the literature, although data correlating these with lifespan and body size within
the species are not readily available [41, 4]. Thus, body size and lifespan are significant risk

factors for cancer in not just humans, but in many other species as well.
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Figure 1.1: The relationship between body size, lifespan, and cancer risk within Humans. A)
SEER21 Data demonstrating the positive relationship between the age of the population and
the cancer incidence rate for cancers in all tissue types. B) Figure reproduced from Nunney
(2018) summarizing the hazard ratio per 10cm of height for various types of cancers, collected

from 5 international studies [127].

1.3 Cancer rates between species: Peto’s Paradox

Among the many morphological differences between species, body size and lifespan are among
the most starkly apparent (Figure 1.2A). Between distantly related species, these differences
can be enormous: consider the classic paradigm of the mouse and the elephant, for example.
These differences in size have been shown to be due to an increase in cell count, rather than

cell size [154]. As such, one would initially assume that the within-species paradigm of “more
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cells means more cancer” would also translate into higher cancer rates in elephants versus
mice.

Further compounding the relationship between size and cancer risk is the positive correla-
tion between body size and lifespan. Not only do large species have more cells than smaller
species, they also live comparatively longer: for example, the African Elephant lives nearly
21x longer than the House Mouse [140, 173] (Figure 1.2A). And so, given the paradigm of
lifespan and cancer risk within species, one would expect that these large, long-lived species
would be even more at risk of cancer than their smaller, shorter-lived cousins.

However, while cancer, size, and lifespan are correlated within species, they are not
correlated between species. In Figure 1.2B, data reproduced from Abegglen et al (2015)
[1] and colored by phylogenetic Order demonstrates that across mammals of all sizes and
lifespans, we see no correlation between these demographic traits and the species? cancer
risk.

The observation that species’ cancer risks hold no correlation with either body size or
lifespan was observed by various groups around the same time, but was coined “Peto’s
Paradox” after the publications by the statistical epidemiologist Sir Richard Peto [7, 6, 140].
In stark contrast with the correlation of body size and/or lifespan with cancer risk between
members of the same species, across a variety of species, when one compares these species and
others’ cancer risks with their average body sizes and maximum lifespans, the correlations you
see at the species-level disappear entirely. This paradox has been best studied in mammals
[1, 141], but has also been observed in other vertebrate clades such as birds [121], and I have
conducted initial studies in long-lived reptiles such as turtles and tortoises.

The existence of Peto’s Paradox suggests that the evolution of increased body sizes and
longevity must coincide with the evolution of enhanced cancer resistance in these species.
Furthermore, depending on the timeframe of evolution, the co-evolution of these traits must

track each other closely. The ideal study design for Peto’s Paradox would be to examine clades



where closely-related species show especially high variability in size and lifespan. Two clades
fit this paradigm well: the clade Atlantogenata, which is home to elephants and hyraxes; and
the clade Chiroptera, which contains 20-25% of extant mammalian species, and encompasses
a wide variety of all sizes and lifespans. Thus, these clades provide a robust starting point for

addressing the question of how Peto’s Paradox has been resolved by Evolution (Figure 1.3).
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Figure 1.2: Peto’s Paradox describes the lack of expected correlation between body size,
lifespan, and cancer risk between species. A) Body size and lifespan for a plethora of
mammalian species gathered from Anage [173]. B) No correlation between body size and

lifespan across mammalian species; data collected by [1].



1.4 Clade selection and study design

For this thesis, T focus my attention on two clades: Atlantogenata (Figure 1.3B), and
Chiroptera (Figure 1.3C). These clades have a large or long-lived species nested deeply in
a clade of smaller, short-lived species, which indicates a recent expansion in size and/or
lifespan. Combined with the available genomes for these clades, I will be able to search for
gene duplication events along the tree, and determine where any tumor suppressor genes
duplicated in the lineage leading to the main species of interest: the African Bush Elephant
(Loxodonta africana, 65 years, 4800 kg) in Atlantogenata; and the Little Brown Bat (Myotis
luficufugus, 34 years, 10 g); both of these species have relatively high-quality genomes.
Furthermore, for these two clades, I have primary dermal fibroblasts as well as many outgroup
species, allowing us to follow up on my genomic results with functional validation.

In Chapter 2, I describe how I developed a pipeline for identifying gene homologs in highly-
fragmented genomes using a Reciprocal Best-Hit BLAT search method, and how I applied it
to publically-available genomes in Atlantogenata, including living and extinct elephants, to
determine the relationship between the evolution of body size, and gene duplication pathway
enrichments. I found that both body size increases as well as tumor suppressor duplications
are prevalent throughout Atlantogenata, and that many of these duplicates are conserved
and show transcriptional activity in extant elephants. In Chapter 3, I demonstrate the
functional characterization of one of these hits in the African Elephant: the retrogene LIF6.
Although LIF has undergone various segmental duplications in the common ancestor of
elephants, manatees, and hyraxes, one copy - LIF6 - was resurrected into functional gene
by the creation of an upstream TP53 binding site, and induces apoptosis in response to
DNA damage. Finally, in Chapter 4, I describe a syntenic duplication of the TP53-WRAP53
locus in the Little Brown Bat, Myotis lucifugus, which has retained both regulatory and
transcriptional functionality. While a causal role has not established between this duplication

and stress response in Myotis lucifugus, the patterns of stress response shown by this species
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relative to other Myotis species is similar a previous mouse model of TP53-WRAP53 locus
duplication described in the literature. Ultimately while no single mechanism can explain
the evolution of cancer resistant species, gene duplication appear to play a major role in

mediating the cancer resistance of the large, long-lived species included in this study.
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Figure 1.3: Atlantogenata and Chiroptera in their phylogenetic context. A) A time-calibrated
species tree for Futheria, with major clades highlighted [14]. B) Atlantogenatan species with
publicly-available genomes, used in this thesis. Tip points are colored based on the log body
size of the species, where the African Elephant Loxodonta africana is the largest species,
deeply nested within much smaller species. C) Chiropteran species related to the long-lived
Little Brown Bat Myotis lucifugus, for which primary fibroblasts are available for in vitro
functional characterizations. Tip points are colored based on maximum reported lifespans;
note that Myotis lucifugus is a long-lived species nested within a clade of much-shorter-lived

species.
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CHAPTER 2
PERVASIVE DUPLICATION OF TUMOR SUPPRESSOR
GENES PRECEDED PARALLEL EVOLUTION OF LARGE
BODIED ATLANTOGENATANS

2.1 Introduction

Among the major constraints on the evolution of large body sizes (and long life-spans) in
animals is an increased risk of developing cancer. If all cells in all organisms have a similar
risk of malignant transformation and equivalent cancer suppression mechanisms, organism
with many cells should have a higher prevalence of cancer than organisms with fewer cells,
particularly because large and small animals have similar cell sizes [154]. Consistent with
this expectation there is a strong positive correlation between body size and cancer incidence
within species, for example, cancer incidence increases with increasing adult height in humans
[56, 127] and in dogs [34, 38]. There is no correlation, however, between body size and
cancer risk between species; this lack of correlation is often referred to as ‘Peto’s Paradox’
21, 99, 140]. The ultimate resolution to Peto’s Paradox is obvious: large bodied and long-lived
species evolved enhanced cancer protection mechanisms. However, identifiying the specific

genetic, molecular, and cellular mechanisms that underlie the evolution of augmented cancer

protection has been difficult [c.f. 8, 160, 55, 176, 170].
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173, 145).
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Among the challenges for discovering how animals evolved enhanced cancer protection
mechanisms is identifying lineages in which large bodied species are nested within species
with small body sizes. Afrotherian mammals are generally small-bodied, but also include
the largest extant land mammals. For example, maximum adult weights are “70g in golden
moles, ~120g in tenrecs, ~170g in elephant shrews, ~3kg in hyraxes, and 60kg in aardvarks
[173]. While extant hyraxes are relatively small, the extinct Titanohyrax is estimated to
have weighted up to ~1300kg [157]. The largest members of Afrotheria, too, are dwarfed
by the size of their recent ancestors: extant cows manatees are large bodied (~322-480kg)
but are relatively small compared to the extinct Stellar’s sea cow which is estimated to have
weight 8000-10000kg [155]. Similarly African (4,800kg) and Asian elephants (3,200kg) are the
largest living elephant species, but are dwarfed by the truly gigantic extinct Proboscideans
such as Deinotherium (~132,000kg), Mammaut borsoni (110,000kg), and the Asian straight-
tusked elephant (7220,000kg), the largest known land mammal [96]. Remarkably, these
large-bodied Afrotherian lineages are nested within small bodied species (Figure 2.1)
[129, 166, 130, 145], indicating that gigantism independently evolved in hyraxes, sea cows,
and elephants (Paenungulata). Thus, Paenungulates are an excellent model system in which
to explore the mechanisms that underlie the evolution of large body sizes and augmented
cancer resistance.

Although many mechanisms can potentially resolve Peto’s paradox, among the most
parsimonious routes to enhanced cancer resistance is through an increased copy number of
tumor suppressors. Indeed, candidate genes studies have found that the elephant genome
encodes duplicate such as TP53 and LIF [1, 170, 180] as well as other genes with putative
tumor suppressive functions [20, 35]. As these studies focus on a priori gene sets, however,
it remains unknown whether this is a general, genome-wide trend in Afrotherian genomes;
and whether such a general trend is associated with the recent increases in body size — and

therefore expected cancer risk — in these species.
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Here, we trace the evolution of body mass and gene copy number variation in across
Afrotherian genomes in order to investigate whether duplication of tumors suppresor is
common in large, long-lived Proboscideans. Our estimates of the evolution of body mass,
similarly to previous studies [129, 166, 130, 145], show that large body masses evolved
in a step-wise manner, with major increases in body mass in the Pseudoungulata (17kg),
Paenungulata (25kg), Tethytheria (296kg), and Proboscidea (4,100kg) stem-lineages. To
explore whether duplication of tumor suppressor genes occurred coincident with the evolution
of large body sizes, we used a genome-wide Reciprocal Best BLAT Hit (RBBH) strategy to
identify gene duplications, and used maximum likelihood to infer the lineages in which those
duplications occurred. Unexpectedly, we found that duplication of tumor suppressor genes
was common in all Afrotherians, both large and small. These data suggest that duplication
of tumor suppressor genes is pervasive in Afrotherians and proceeded the evolution of species

with very large body sizes.

2.2 Methods

2.2.1 Ancestral Body Size Reconstruction

We built a time-calibrated supertree of Futherian mammals by combining the time-calibrated
molecular phylogeny of Bininda-Emonds et al. (2008) [14] with the time-calibrated total
evidence Afrotherian phylogeny from Puttick and Thomas (2015) [145]. While the Bininda-
Emonds et al. [14] phylogeny includes 1,679 species, only 34 are Afrotherian, and no fossil
data are included. The inclusion of fossil data from extinct species is essential to ensure that
ancestral state reconstructions of body mass are not biased by only including extant species.
This can lead to inaccurate reconstructions, for example, if lineages convergently evolved
large body masses from a small bodied ancestor. In contrast, the total evidence Afrotherian

phylogeny of Puttick and Thomas (2015) [145] includes 77 extant species and fossil data
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from 39 extinct species. Therefore we replaced the Afrotherian clade in the Bininda-Emonds
et al. [14] phylogeny with the Afrotherian phylogeny of Puttick and Thomas [145] using
Mesquite. Next, we jointly estimated rates of body mass evolution and reconstructed ancestral
states using a generalization of the Brownian motion model that relaxes assumptions of
neutrality and gradualism by considering increments to evolving characters to be drawn
from a heavy-tailed stable distribution (the “Stable Model”) implemented in StableTraits
[42]. The stable model allows for occasional large jumps in traits and has previously been
shown to out-perform other models of body mass evolution, including standard Brownian
motion models, Ornstein—Uhlenbeck models, early burst maximum likelihood models, and

heterogeneous multi-rate models [42].

2.2.2 Identification of Duplicate Genes

Reciprocal Best-Hit BLAT: We developed a reciprocal best hit BLAT (RBHB) pipeline
to identify putative homologs and estimate gene copy number across species. The Reciprocal
Best Hit (RBH) search strategy is conceptually straightforward: 1) Given a gene of interest
G 4 in a query genome A, one searches a target genome B for all possible matches to G 4; 2)
For each of these hits, one then performs the reciprocal search in the original query genome
to identify the highest-scoring hit; 3) A hit in genome B is defined as a homolog of gene
G 4 if and only if the original gene G4 is the top reciprocal search hit in genome A. We
selected BLAT [90] as our algorithm of choice, as this algorithm is sensitive to highly simliar
(>90% identity) sequences, thus identifying the highest-confidence homologs while minimizing
many-to-one mapping problems when searching for multiple genes. RBH performs similar to
other more complex methods of orthology prediction, and is particularly good at identifying
incomplete genes that may be fragmented in low quality/poor assembled regions of the
genome [5, 151].

Effective Copy Number By Coverage: In lower-quality genomes, many genes are
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fragmented across multiple scaffolds, which results in BLAT calling multiple hits when in
reality there is only one gene. To compensate for this, we came up with a novel statistic,
Estimated Copy Number by Coverage (ECNC), which averages the number of times we see
each nucleotides of a query sequence in a target genome over the total number of nucleotides
of the query sequence found overall in each target genome (Figure S.2.1). This allows us to
correct for genes that have been fragmented across incomplete genomes, while also taking
into account missing sequences from the human query in the target genome. Mathematically,

this can be written as:

l
ECNC = 2n=1Cn
S bool(Cy)

where n is a given nucleotide in the query, [ is the total length of the query, C}, is the number

of instances that n is present within a reciprocal best hit, and bool(Cy,) is 1 if C), > 0 or 0 if
Cn=0.

RecSearch Pipeline: We created a custom Python pipeline for automating RBHB
searches between a single reference genome and multiple target genomes using a list of query
sequences from the reference genome. For the query sequences in our search, we used the hg38
Proteome provided by UniProt [Accession #UP000005640; 24], which is a comprehensive set
of protein sequences curated from a combination of predicted and validated protein sequences
generated by the UniProt Consortium. In order to refine our search, we omitted protein
sequences originating from long, noncoding RNA loci (e.g. LINC genes); poorly-studied
genes from predicted open reading frames (C-ORFs); and sequences with highly repetitive
sequences such as zinc fingers, protocadherins, and transposon-containing genes, as these
were prone to high levels of false positive hits.

After filtering out problematic protein queries (see below), we then used our pipeline to
search for all copies of our n.GenesSearched query genes in publicly available Afrotherian

genomes (S.2.2), including African savannah elephant (Lozodonta africana: loxAfr3, loxAfr4,

16



loxAfrC), African forest elephant (Lozodonta cyclotis: loxCycF), Asian Elephant (Elephas
mazimus: eleMaxD), Woolly Mammoth (Mammuthus primigenius: mamPriV), Colombian
mammoth (Mammuthus columbi: mamColU), American mastodon (Mammut americanum:
mamAmel), Rock Hyrax (Procavia capensis: proCapl, proCap2, proCap2_HiC), West Indian
Manatee ( Trichechus manatus latirostris: triManLatl, triManLat1_HiC), Aardvark (Oryc-
teropus afer: oryAfel, oryAfel HiC), Lesser Hedgehog Tenrec (Echinops telfairi: echTel2),
Nine-banded armadillo (Dasypus novemcinctus: dasNov3), Hoffman’s two-toed sloth (Choloe-
pus hoffmannii: choHofl, choHof2, choHof2_HiC), Cape golden mole (Chrysochloris asiatica:
chrAsil), and Cape elephant shrew (Elephantulus edwardii: eleEdwl).

Query gene inclusion criteria: To assemble our query list, we first removed all
unnamed genes from UP000005640. Next, we excluded genes from downstream analyses for
which assignment of homology was uncertain, including uncharacterized ORFs (991 genes),
LOC (63 genes), HLA genes (402 genes), replication dependent histones (72 genes), odorant
receptors (499 genes), ribosomal proteins (410 genes), zinc finger transcription factors (1983
genes), viral and repetitive-element-associated proteins (82 genes) and any protein described
as either “Uncharacterized,” “Putative,” or “Fragment” by UniProt in UP000005640 (30724
genes), leaving us with a final set of 37582 query protein isoforms, corresponding to 18011
genes.

Duplication gene inclusion criteria: In order to condense transcript-level hits into
single gene loci, and to resolve many-to-one genome mappings, we removed exons where
transcripts from different genes overlapped, and merged overlapping transcripts of the same
gene into a single gene locus call. The resulting gene-level copy number table was then
combined with the maximum ECNC values observed for each gene in order to call gene
duplications. We called a gene duplicated if its copy number was two or more, and if the
maximum ECNC value of all the gene transcripts searched was 1.5 or greater; previous studies

have shown that incomplete duplications can encode functional genes [170, 180], therefore
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partial gene duplications were included provided they passed additional inclusion criteria
(see below). The ECNC cut off of 1.5 was selected empirically, as this value minimized the
number of false positives seen in a test set of genes and genomes. The results of our initial
search are summarized in Figure 2.4. Overall, we identified 13880 genes across all species, or
77.1% of our starting query genes.

Genome Quality Assessment using CEGMA: In order to determine the effect of
genome quality on our results, we used the gVolante webserver and CEGMA to assess the
quality and completeness of the genome [123, 136]. CEGMA was run using the default
settings for mammals (“Cut-off length for sequence statistics and composition” = 1;“CEGMA
max intron length” = 100000; “CEGMA gene flanks” = 10000, “Selected reference gene
set” = CVGQG). For each genome, we generated a correlation matrix using the aforementioned
genome quality scores, and either the mean Copy Number or mean ECNC for all hits in the

genome.

2.2.3 FEuidence for Functionality of Gene Duplicates

To validate and filter out duplicate gene calls, we intersected our results with either gene
prediction or transcriptomic evidence as a proxy for functionality.

Transcriptome Assembly: For the African Savana Elephant, Asian Elephant, West
Indian Manatee, and Nine-Banded Armadillo, we generated de novo transcriptomes using
publically-available RNA-sequencing data from NCBI SRA (S.2.1). We mapped reads to all
genomes available for each species, and assembled transcripts using HISAT2 and StringTie,
respectively [92, 139, 138]. RNA-sequencing data was not available for Cape Golden Mole,
Cape Elephant Shrew, Rock Hyrax, Aardvark, or the Lesser Hedgehog Tenrec.

Gene Prediction: We obtained tracks for genes predicted using GenScan for all the
genomes available via UCSC Genome Browser: African savannah elephant (loxAfr3), Rock

Hyrax (proCapl), West Indian Manatee (triManLatl), Aardvark (oryAfel), Lesser Hedgehog
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Tenrec (echTel2), Nine-banded armadillo (dasNov3), Hoffman’s Two-Toed Sloth (choHof1),
Cape golden mole (chrAsil), and Cape Elephant Shrew (eleEdw1); gene prediction tracks for
higher-quality assemblies were not available.

Evidenced Duplicate Criteria: We intersected our records of duplicate hits identified
in each genome with the gene prediction tracks and/or transcriptome assemblies using
bedtools. When multiple lines of evidence for functionality were present for a genome,
we used the union of all intersections as the final output for evidenced duplicates. When
analyzing the highest-quality assemblies available for each species, if a species had neither gene
prediction tracks nor RNA-seq data for the highest-quality genome available, we conservatively

included all hits for the genome in the final set of evidenced duplicates.

2.2.4  Reconstruction of Ancestral Copy Numbers

We encoded the copy number of each gene for each species as a discrete trait ranging from
0 (one gene copy) to 31 (for 32+ gene copies) and used IQ-TREE to select the best-fitting
model of character evolution [118, 68, 82, 183, 156], which was inferred to be a Jukes-Cantor
type model for morphological data (MK) with equal character state frequencies (FQ) and
rate heterogeneity across sites approximated by including a class of invariable sites (I) plus a
discrete Gamma model with four rate categories (G4). Next we inferred gene duplication
and loss events with the empirical Bayesian ancestral state reconstruction (ASR) method
implemented in IQ-TREE [118, 68, 82, 183, 156], the best fitting model of character evolution
(MK+FQ+GR+I) [165, 187], and the unrooted species tree for Atlantogenata. We considered
ancestral state reconstructions to be reliable if they had Bayeisan Posterior Probability (BPP)

70.80; less reliable reconstructions were excluded for pathway analyses.
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2.2.5 Pathway Enrichment Analysis

To determine if gene duplications were enriched in particular biological pathways, we used the
WEB-based Gene SeT AnaLysis Toolkit (WEBGESTALT)[102] to perform overrepresentation
analysis (ORA); pathway databases included Reactome [80], Wikipathways, [163], and KEGG
[83]. Gene duplicates in each lineage were used as the foreground gene set, and the initial
query set was used as the background gene set. Statistical significance of enriched terms was
assessed with a hypergeometric test, and controlled for multiple testing using the Benjamini-
Hochberg false discovery rate (FDR); each analysis was run at FDR=0.1, FDR=0.2, FDR=0.3,
and FDR=0.5. In order to determine an empirical false positive rate for term enrichment,
we randomly sampled 1000-10,000 genes from our background set 1000 times, and ran the
aforementioned analyses to see which terms were likely to randomly appear; there were no

terms which appeared at FDR < 0.3.

2.2.6  Estimating the Fvolution of Cancer Risk

The dramatic increase in body mass and lifespan in some Afrotherian lineages implies
those lineages must have also evolved reduced cancer risk. To infer the magnitude of these
reductions we estimated differences in intrinsic cancer risk across extant and ancestral
Afrotherians. Following Peto [141] we estimate the intrinsic cancer risk as the product of
risk associated with body mass and lifespan. In order to determine the intrinsic cancer risk
(K) across species and at ancestral nodes (see below), we first needed to estimate ancestral
lifespans at each node. We used Phylogenetic Generalized Least-Square Regression (PGLS)
[46, 113] implemented in the R package ape to calculate estimated ancestral lifespans across
Atlantogenata using our estimates for body size at each node. In order to estimate the
intrinsic cancer risk of a species, we first inferred lifespans at ancestral nodes using PGLS
and the model In(lifespan) = [icor Browninan + faln(size) + €. Next, we calculated Ky
at all nodes, and then estimated the fold change in cancer susceptibility between ancestral
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and descendant nodes (Figure 2.3, Table 2.2). Next, in order to calculate K at all nodes,
we used a simplified multistage cancer risk model for body size D and lifespan ¢: K ~ Dt9
[6, 7, 141, 140]. The fold change in cancer risk between a node and its ancestor was then

defined as logy (%)
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2.3 Results

2.3.1 Step-wise evolution of body size in Afrotherians
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Figure 2.2: Body sizes rapidly and frequently expand in Futherians, especially in Atlantogenata.

(continued on next page)

Similar to previous studies of Afrotherian body size [21,27], we found that the body mass of

the Afrotherian ancestor was inferred to be small (0.26kg, 95% CI: 0.31-3.01kg) and that
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Figure 2.2: Body sizes rapidly and frequently expand in Futherians, especially in Atlantogenata.
A) Tree of Eutherian species, colored by In(Body Size) and with branch lengths set to the
rate of change in body sizes, normalized by the square root of the root branch. Atlantogenata
is highlighted at the bottom. B) Zoom-in of (A) on Atlantogenata. Silhuetes for the African
Elephant, West Indian Manatee, Cape Elephant Shrew, Lesser Hedgehog Tenrec, Cape
Golden Mole, Nine-Banded Armadillo, and Hoffman’s Two-Toed Sloth are colored by their
extant body sizes, while clade labels are colored based on the common ancestor’s estimated
body size. C) Confidence interval plot for representative species and ancestral nodes.

substantial accelerations in the rate of body mass evolution occurred coincident with a 67.36x
increase in body mass in the stem-lineage of Pseudoungulata (17.33kg), a 1.45x increase in
body mass in the stem-lineage of Paenungulata (25.08kg), a 11.82x increase in body mass
in the stem-lineage of Tehthytheria (296.56kg), and a 2.69x increase in body mass in the
stem-lineage of Proboscidea (4114.39kg) (Figure 2.2, Table 2.1). The ancestral Hyracoidea was
inferred to be relatively small (2.86kg-118.18kg), and rate accelerations were coincident with
independent body mass increases in large hyraxes such as Titanohyraz andrewsi (429.34kg,
67.36x increase). While the body mass of the ancestral Sirenian was inferred to be large
(61.7kg-955.51kg), a rate acceleration occurred coincident with a 10.59x increase in body
mass in Stellar’s sea cow. Rate accelerations also occurred coincident with 36.6x decrease
in body mass in the stem-lineage of the dwarf elephants Elephas (Palaeolozodon) antiquus
falconeri and FElephas cypriotes. These data suggest that gigantism in Afrotherians evolved
step-wise, from small to medium bodies in the Pseudoungulata stem-lineage, medium to large
bodies in the Tehthytherian stem-lineage and extinct hyraxes, and from large to exceptionally

large bodies independently in the Proboscidean stem-lineage and Stellar’s sea cow (Figure

2.2, Table 2.1).
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Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits.

Node

Size (log(g))

95% CI (Low)

95% CI (High)

Rate (sqrt)

Cryptochloris wintoni
Amblysomus marleyi
Elephantulus revoili
Titanohyrax andrewsi

Titanohyrax ultimus

Megalohyrax sp nov
Elephas maximus asurus
Protenrec tricuspis
Microgale parvula

Microgale pusilla

Geogale aurita
Microgale longicaudata
Microgale brevicaudata
Microgale jobihely

Microgale principula

Dilambdogale gheerbranti
Microgale taiva
Microgale cowani
Eremitalpa granti

Calcochloris obtusirostris

Neamblysomus julianae

3.13
3.53
3.48
12.97
14.08

12.52
15.66
1.14
1.16
1.25

1.90
2.09
2.19
2.30
2.32

2.38
2.47
2.62
3.14
3.27

3.33
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12.97
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2.09
2.19
2.30
2.32

2.38
2.47
2.62
3.14
3.27

3.33

3.13
3.53
3.48
12.97
14.08

12.52
15.66
1.14
1.16
1.25

1.90
2.09
2.19
2.30
2.32

2.38
2.47
2.62
3.14
3.27

3.33

5.78
3.79
1.10
0.07
34.61

7.21
0.34
69.75
33.46
34.31

40.07
0.77
0.60
1.07
0.17

2.21
0.13
0.57
9.65
13.38

5.72



Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node

Size (log(g))

95% CI (Low)

95% CI (High)

Rate (sqrt)

Chlorotalpa duthieae
Chlorotalpa sclateri
Macroscelides proboscideus

Chrysochloris stuhlmanni

Oryzorictes hova

Elephantulus myurus

Elephantulus brachyrhynchus

Elephantulus rozeti

Elephantulus fuscus

Elephantulus intufi
Microgale talazaci
Chrysochloris asiatica
Elephantulus edwardii

Carpitalpa arendsi

Amblysomus corriae
Amblysomus hottentotus
Elephantulus fuscipes
Elephantulus rufescens

Neamblysomus gunningi

Elephantulus rupestris

Amblysomus septentrionalis

3.38
3.54
3.64
3.74

3.79
3.81
3.81
3.81
3.82

3.82
3.88
3.89
3.90
3.94

3.94
3.98
4.04
4.05
4.09

4.12

4.23

25

3.38
3.54
3.64
3.74

3.79
3.81
3.81
3.81
3.82

3.82
3.88
3.89
3.90
3.94

3.94
3.98
4.04
4.05
4.09

4.12
4.23

3.38
3.54
3.64
3.74

3.79
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3.88
3.89
3.90
3.94

3.94
3.98
4.04
4.05
4.09

4.12
4.23

0.32
0.09
14.17
0.33

22.77
0.95
0.93

10.51
0.68

1.15
61.40
3.34
0.24
0.45

0.98
0.02
1.93
0.12
3.26

0.32
0.52



Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node Size (log(g)) 95% CI (Low) 95% CI (High) Rate (sqrt)
Chambius kasserinensis 4.27 4.27 4.27 11.84
Amblysomus robustus 4.33 4.33 4.33 1.38
Micropotamogale lamottei 4.36 4.36 4.36 2.82
Echinops telfairi 4.47 4.47 4.47 7.75
Limnogale mergulus 4.52 4.52 4.52 121.95
Hemicentetes semispinosus 4.75 4.75 4.75 4.68
Chrysospalax villosus 4.77 4.77 4.77 0.13
Petrodromus tetradactylus 5.29 5.29 5.29 24.61
Herodotius pattersoni 5.50 5.50 5.50 11.64
Setifer setosus 5.61 5.61 5.61 12.52
Rhynchocyon cirnei 5.86 5.86 5.86 3.30
Metoldobotes sp nov 5.93 5.93 5.93 15.94
Chrysospalax trevelyani 6.13 6.13 6.13 62.84
Rhynchocyon petersi 6.15 6.15 6.15 2.13
Rhynchocyon chrysopygus 6.28 6.28 6.28 0.40
Potamogale velox 6.49 6.49 6.49 103.04
Rhynchocyon udzungwensis 6.57 6.57 6.57 4.33
Tenrec ecaudatus 6.75 6.75 6.75 79.50
Dasypus sabanicola 7.05 7.05 7.05 12.18
Tolypeutes matacus 7.11 7.11 7.11 15.96
Dasypus septemcinctus 7.30 7.30 7.30 4.44
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Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node

Size (log(g))

95% CI (Low)

95% CI (High)

Rate (sqrt)

Zaedyus pichiy

Dasypus hybridus

Chaetophractus villosus
Chaetophractus nationi
Heterohyrax brucei
Cabassous centralis

Seggeurius amourensis

Procavia capensis
Microhyrax lavocati
Bradypus tridactylus

Bradypus torquatus

Dasypus novemcinctus
Euphractus sexcinctus
Choloepus hoffmanni
Bradypus variegatus

Tamandua tetradactyla

Cyclopes didactylus
Choloepus didactylus
Thyrohyrax meyeri
Saghatherium bowni

Dasypus kappleri

7.31
7.31

7.61
7.67
7.78
7.92
7.98

8.01
8.13
8.23
8.27

8.37
8.43
8.47
8.49
8.52

8.53
8.71
8.78
9.13
9.23
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7.31
7.31

7.61
7.67
7.78
7.92
7.98

8.01
8.13
8.23
8.27

8.37
8.43
8.47
8.49
8.52

8.53
8.71
8.78
9.13
9.23

7.31
7.31

7.61
7.67
7.78
7.92
7.98

8.01
8.13
8.23
8.27

8.37
8.43
8.47
8.49
8.52

8.53
8.71
8.78
9.13
9.23

5.54
4.05

0.42
0.09
1.64
0.25
2.82

0.00
0.73
0.48
0.03

14.73
14.99
0.32
0.51
10.44

2.15
0.64
3.55
15.85
74.13



Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node

Size (log(g))

95% CI (Low)

95% CI (High)

Rate (sqrt)

Thyrohyrax domorictus
Dimaitherium patnaiki
Phosphatherium escuilliei
Saghatherium antiquum

Thyrohyrax litholagus

Myrmecophaga tridactyla
Myorycteropus africanus
Selenohyrax chatrathi
Priodontes maximus

Orycteropus afer

Antilohyrax pectidens
Bunohyrax fajumensis
Afrohyrax championi
Geniohyus mirus

Prorastomus sirenoides

Elephas antiquus falconeri
Pachyhyrax crassidentatus
Megalohyrax eocaenus
Elephas cypriotes

Bunohyrax major

Titanohyrax angustidens

9.30
9.57
9.62
9.73
10.01

10.26
10.27
10.73
10.82
10.87

10.93
11.32
11.32
11.33
11.49

11.51
11.81
11.95
12.21
12.36

12.48
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9.30
9.57
9.62
9.73
10.01

10.26
10.27
10.73
10.82
10.87

10.93
11.32
11.32
11.33
11.49

11.51
11.81
11.95
12.21
12.36

12.48

9.30
9.57
9.62
9.73
10.01

10.26
10.27
10.73
10.82
10.87

10.93
11.32
11.32
11.33
11.49

11.51
11.81
11.95
12.21
12.36

12.48

1.15
18.23
326.23
2.90
28.58

41.03
0.57
14.99
268.43
6.59

13.69
1.45
0.19
5.44

13.61

6.12
2.29
0.24
1.90
11.39

0.04



Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node Size (log(g)) 95% CI (Low) 95% CI (High) Rate (sqrt)
Daouitherium rebouli 12.80 12.80 12.80 0.74
Arcanotherium savagei 12.89 12.89 12.89 7.29
Dugong dugon 12.92 12.92 12.92 5.85
Trichechus senegalensis 13.03 13.03 13.03 0.57
Trichechus inunguis 13.08 13.08 13.08 0.69
Protosiren smithae 13.20 13.20 13.20 33.69
Numidotherium koholense 13.23 13.23 13.23 2.29
Omanitherium dhofarensis 13.35 13.35 13.35 0.03
Trichechus manatus 13.44 13.44 13.44 1.39
Moeritherium spp 13.82 13.82 13.82 5.71
Phiomia spp 13.89 13.89 13.89 3.64
Elephas maximus 15.02 15.02 15.02 5.81
Barytherium spp 15.20 15.20 15.20 73.58
Mammuthus primigenius 15.27 15.27 15.27 2.17
Mammut borsoni 16.49 16.49 16.49 15.33
Mammuthus trogontherii 16.38 16.38 16.38 16.00
Loxodonta africana 15.35 15.35 15.35 1.28
Loxodonta cyclotis 15.37 15.37 15.37 3.72
Palaeoloxodon antiquus 16.14 16.14 16.14 0.01
Palaeoloxodon namadicus 16.81 16.81 16.81 12.81
Mammut americanum 15.61 15.61 15.61 0.95
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Table 2.1: Body Size and Confidence Intervals in Atlanto-

genata estimated using StableTraits. (continued)

Node Size (log(g)) 95% CI (Low) 95% CI (High) Rate (sqrt)
Mammuthus columbi 15.71 15.71 15.71 0.91
Hydrodamalis gigas 15.72 15.72 15.72 172.52
Atlantogenata 5.55 4.06 7.95 0.03
Afrotheria 5.55 4.05 7.96 0.00
Afrosoricida 4.35 2.58 6.13 44.49
Macroscelidae 5.27 3.98 6.85 2.49
Pseudoungulata 9.76 5.21 12.78 545.83
Paenungulata 10.13 7.24 13.02 4.42
Tethytheria 12.60 10.25 13.81 187.47
Proboscidea 15.23 14.22 16.24 30.28
Elephantidae 15.49 14.89 16.10 2.21
Elephantina 15.51 15.08 15.96 0.01
Mammuthus 15.54 15.24 15.85 0.47
Loxodontini 15.55 15.02 16.11 0.11
Loxodona 15.72 15.16 16.30 0.86
Xenarthra 7.57 5.96 9.18 124.94
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2.8.2  Step-wise reduction of intrinsic cancer risk in large, long-lived

Afrotherians

0 100 200
| Log2 Cancer Succeptibility Change |

Log2 Cancer Susceptibility Change

-20 -10 0 10 20 30

Figure 2.3: Cancer susceptibility across Atlantogenata. Branch lengths are set to the
magnitude of change in cancer susceptibility; colors indicate the magnitude and direction of

the change.
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As expected, intrinsic cancer susceptibility in Afrotheria also varies with changes in body
size and longevity (Figure 2.3, Table 2.2), with an initial 9.22-fold and 20.75-fold increase in
the stem-lineage of Afrotheria and Xenarthra, respectively, followed by a 9.22-fold increases
in Pseudoungulata and a 5.38-fold increase in Aardvarks (Figure 2.3, Table 2.2). In contrast
to the Paenungulate stem-lineage, there is a 6.92-fold increase in cancer risk in Tethytheria,
a 8.62-fold increase in Manatee, and dramatic increases within Proboscidea including a
27.66-fold increase in Elephantidae and a 29.97-fold in the American Mastodon. Within the
Elephantidae, Elephantina and Loxodontini have a 2.31-fold increase in cancer susceptibility,
while susceptibility is relatively stable in Mammoths. The three extant Proboscideans, Asian
Elephant, African Savana Elephant, and the African Forest Elephant, meanwhile, have similar

decreases in both size and cancer susceptibility (Figure 2.3, Table 2.2).
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Table 2.2: Estimated Cancer Susceptibility for nodes in Atlantogenata

Node Est. Lifespan K1 K2 Change in K log2 Change
Loxodontini 34.38 1.47e+16 2.97e+15 4.94e+00 2.31
Loxodonta africana 65.00 2.47e+17 1.47e+16 1.68e+01 4.07
Loxodona 34.38 1.47e+16 1.47e+16 1.00e+00 0.00
Loxodonta cyclotis 31.12 2.97e+15 1.47e+16 2.02e-01 -2.31
Palaeoloxodon antiquus 34.38 1.47e+16 1.47e+16 1.00e4-00 0.00
Elephantidae 31.12 2.97e+15 1.40e4+07 2.13e+408 27.66
Elephantina 34.38 1.47e+16 2.97e+15 4.94e+00 2.31
Elephas maximus 65.50 2.58e+17 1.47e+16 1.76e+01 4.14
Mammuthus 34.38 1.47e+16 1.47e+16 1.00e+00 0.00
Mammuthus primigenius 31.12 2.97e+15 1.47e+16 2.02¢-01 -2.31
Mammuthus columbi 34.38 1.47e+16 1.47e+16 1.00e4-00 0.00
Proboscidea 9.41 1.40e+07 1.21e+14 1.15e-07 -23.05
Mammut americanum 34.38 1.47e+16 1.40e4+07 1.05e+09 29.97
Tethytheria 25.49 1.21e+14 1.0le+12 1.21e+402 6.92
Trichechus manatus 69.00 4.77e+16 1.21e+14 3.93e+02 8.62
Paenungulata 18.91 1.0le+12 1.0le+12 1.00e+00 0.00
Procavia capensis 14.80 3.13e+10 1.0le+12 3.11e-02 -5.01
Pseudoungulata 18.91 1.0le+12 1.69e+09 5.97e+402 9.22
Orycteropus afer 29.80 4.19e+13 1.0le+12 4.17e+01 5.38
Elephantulus edwardii 10.40 6.90e+07 1.69e+09 4.09e-02 -4.61
Afrosoricida 10.40  6.90e+07 1.69e4+09 4.09e-02 -4.61
Chrysochloris asiatica 10.40 6.90e+07 6.90e+07 1.00e4-00 0.00
Echinops telfairi 19.00 2.57e4+09 6.90e+07 3.72e+01 5.22
Afrotheria 12.69 1.69e+09 2.83e4+06 5.97e+02 9.22
Xenarthra 20.89 4.97e+12 2.83e+06 1.76e+06 20.75
Dasypus novemcinctus 22.30 3.67e+11 4.9T7e+12 7.37e-02 -3.76
Choloepus hoffmanni 41.00 1.42e+13 4.97e+12 2.85e+00 1.51
Atlantogenata 8.52 2.83e+06 2.83e+06 1.00e+00 0.00
Afroinsectivora 12.69 1.69e+09 1.69e+09 1.00e+00 0.00
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2.3.8 Identification and evolutionary history of gene duplications

P. antiquus
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Figure 2.4: Gene duplications occur readily throughout Atlantogenata. Shown here is a tree of
Atlantogenatan species with genomes, with the number of genes that underwent an increase

in copy number overlayed at each node.
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We found that gene duplications were common in Atlantogenatan genomes (Figure 2.4, Table

2.3), identifying an average of 76.2% genes, with an average of 10.53% duplicated; this is
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in-line with other studies describing the rates of gene duplications over time [106].

observed that the percentage of duplicated genes in non-Pseudoungulatan genomes was
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Table 2.3: Summary of duplications in Atlantogenata

Species Common Name Size (g) #Hits #Duplicated % Genes Found % Hits Duplicated Mean ECNC/Hit
Choloepus hoffmanni Hoffmans Two-Toed Sloth 4.3e4+03 14082 3204 78.19% 22.75% 0.98
Chrysochloris asiatica Cape Golden Mole 49 13547 2716 75.22% 20.05% 0.99
Dasypus novemcinctus Nine-Banded Armadillo 4.8¢4+03 13819 2605  76.73% 18.85% 0.98
Echinops telfairi Lesser Hedgehog Tenrec 87 12903 1670 71.64% 12.94% 0.99
Elephantulus edwardii Cape Elephant Shrew 49 12884 3048 71.53% 23.66% 0.99
Elephas maximus Asian Elephant 3.3e+06 14073 907 78.14% 6.44% 1.00
Loxodonta africana African Savanna Elephant 4.6e+06 14051 940 78.01% 6.69% 1.00
Loxodonta cyclotis African Forest Elephant 4.7e+06 14065 900 78.09% 6.40% 1.00
Mammut americanum American Mastodon 6e+06 13840 737 76.84% 5.33% 1.00
Mammuthus columbi Columbian Mammoth 6.6e+06 13059 426 72.51% 3.26% 1.00
Mammuthus primigenius  Woolly Mammoth 4.3e4+06 13935 723 T7.3T% 5.19% 1.00
Orycteropus afer Aardvark 5.3e+04 13880 1083  77.06% 7.80% 0.99
Palaeoloxodon antiquus  Straight Tusked Elephant — le407 13969 745 T7.56% 5.33% 1.00
Procavia capensis Rock Hyrax 3e+03 13672 788 75.91% 5.76% 1.00
Trichechus manatus Manatee 6.9e+05 14092 1046 78.24% 7.42% 1.00

significantly higher: while Pseudoungulatan genomes had duplicates percentages ranging
anywhere from 3.26% to 7.80%, outgroup species’ duplication rates ranged from 12.94% to
23.66%. To explore whether genome quality may adversely effect our inferences, we used
CEGMA and the gVolante server [136, 123] to assess the correlation between genome quality
and copy number estimates. As shown in Figure 2.5, mean Copy Number, mean ECNC, and
mean CN (the lesser of Copy Number and ECNC per gene) moderately or strongly correlate
with genomic quality, such as LD50, the number of scaffolds, and contigs with a length above
either 100K or 1M.

Among the genes that increased in copy number in the elephant lineage are TP53 and
LIF as previously described; however, we find that these two genes represent a fraction of
the 940 genes that are duplicated in the African Elephant overall, which accumulated over
various steps through their evolution. While the extinct elephantids have acceptable genome
quality metrics according to CEGMA, they are nonetheless missing a significant number
of sequences; this may contribute to the low number of duplicated genes that occured in
internal nodes. The number of duplicates that occur at each branch is also proportional to
the density of the sampling of the clade overall, as would be expected. In branches, such as
Afrosoricida, where the number of species is relatively minuscule compared to the size of the

clade, we see many significantly larger numbers of duplications private to these species.
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2.3.4  Duplications that occurred recently in Probodiscea are enriched for

tumor suppressor pathways
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Figure 2.6: Overrepresentation Analysis of Duplicated Genes in Atlantogenata using Reactome

Pathways.

Our initial hypothesis was that genes which duplicated in lineages that experienced a growth
in size would be enriched for membership in tumor suppressor pathways. Thus, we used
WebGestalt and its Overrepresentation Analysis (ORA) functionality to determine what
pathways were enriched in our duplicated gene sets in each branch relative to our initial query
set. For our database, we used Reactome for our primary analysis, but additionally used the
KEGG, Panther, Wikipathways, and Wikipathways_cancer databases using WebGestalt ORA.
Going through the tree, at no FDR < 0.5 is there any significant pathway representation for

genes that increased in the branches leading to Afrosoricida, Pseudoungulata, Elephantina,
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Loxodontini, Elephas maximus, Mammuthus, Loxodonta cyclotis, Palaeoloxodon antiquus,
Lozodona, Mammuthus columbi, Mammuthus primigenius, Procavia capensis, Elephantidae, or
Proboscidea; furthermore, there are no significant pathway enrichments at FDR<0.5 for genes
whose copy number did not change between branches (copy-number-stable) for Afrotheria.
Note that because Xenarthra was selected as the outgroup, it is not possible to polarize the
changes in their gene copy numbers along the tree.

For the other branches, the number of pathways that came up as significantly enriched
at each FDR is shown in Table 2.4. For the species with high duplication rates and lower-
quality, highly-fragmented genomes, such as with Chrysochloris asiatica (20.05% duplicated
hits) and FElephantulus edwardii (23.66% duplicated hits), it is unsurprising that there is a
proportionally large number of pathway enrichments. In the case of these two species, their
many pathway enrichments also span an incredible range of processes at every level of biology;
this, in combination with the high number of copy numbers identified for these genes, further
suggests a need for improvement and refinement in these genomes. In the cell cycle pathways
called as significant in the genomes of these two species plus Orycteropus afer and Echinops
telfairi, the duplicated genes included in these sets are from the same gene families, such as
the APC subunit family; the proteosome subunit families; and the protein phosphatase 2
family, among others. It is highly possible that these results reflect true expansions of these
gene families, especially in the higher-quality Orycteropus afer genome; however, it is also

possible that it simply reflects artifactual duplications, and so require further study.

Table 2.4: Number of pathways overrepresented among duplicated genes at different FDRs.

Ancestor Node Pathways at FDR< 0.1 Pathways at FDR< 0.2 Pathways at FDR< 0.3 Pathways at FDR< 0.5
Afroinsectivora  Elephantulus edwardii 252 37 30 87
Afrosoricida Chrysochloris asiatica 90 48 43 105
Afrosoricida Echinops telfairi 0 2 0 31
Afrotheria Afroinsectivora 0 0 33
Loxodontini Loxodonta africana 6 0 1 0
Paenungulata Tethytheria 0 0 0 2
Proboscidea Mammut americanum 0 0 0 6
Pseudoungulata  Orycteropus afer 27 67 29 67
Tethytheria Proboscidea 0 3 0 3
Tethytheria Trichechus manatus 4 0 0 2
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The pathway enrichments for genes whose copy number either did not change, or whose
copy number increased, between Loxodona and the African Elephant are shown in Figure
2.6. Among the few enriched pathways in the African Elephant, we see that that two tumor
suppression pathways - APC Complex-related pathways, and “TP53 Regulates Metabolic
Genes”- appear not only in the case of stable genes, but also in the set of newly duplicated genes.
The other pathways we see in the set of recently-duplicated genes include “Functionalization
of Compounds” and its daughter pathway “Xenobiotics”. Genes in these pathways serve to
add functional groups to lipophylic compounds which would otherwise not be reactive in the
cell, and are types of metabolic pathways. In the stable set we see enrichment of pathways
such as “Neuronal Systems” and “Axon Guidance,” which fit in well with what is known
about elephant biology and evolution [53]. Overall in elephants, we see enrichments within
duplicated genes for pathways involved in what makes an elephant an elephant - including

tumor suppressor pathways.
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2.3.5 Concerted duplication of TP53 and TPb3-related genes towards
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Figure 2.7: TP53-related genes are also duplicated and functional in Lozodonta africana. A)
Cladogram of Atlantogenata highlighting along each branch when duplications for each gene
occured. B) Gene expression data collected from pulically-available RNA-seq data for each

duplicate in A).

Prior studies looking at the duplication of TP53 in the African Elephant motivated further
study for the enrichment of genes involved in TP53-related metabolic pathway. We traced
the evolution of all genes involved in this TP53-duplicated pathway that were duplicated
in the African Elephant, and used publicly-available RNA-seq data to see which genes are
actively expresses in living elephants. Excitingly, we found that the initial duplication of

TP53 in Tethytheria, where body size expanded, was preceded by the duplication of GTF2F1
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and STK11 in Paenungulata; and was coincided by the duplication of BRD7. These two
genes are involved in regulating the transcription of TP53, and their duplication prior to that
of TP53 may have facilitated its retroduplication. Interestingly enough, STK11 is a tumor
suppressor gene in its own right, and plays additional roles in mediating tumor suppression
via p21-induced senescence [98].

The other genes that are duplicated in the pathway are all downstream of TP53; these
genes duplicated either alongside TP53 in the case of STAH1, or subsequently in Probodiscea,
FElephantidae, and in modern elephants. (Figure 2.7). These genes are all expressed in
RNA-seq data, suggesting that they encode functional genes in modern elephants (Figure
2.7).

2.4 Discussion

With our results, we have demonstrated that gigantism in Atlantogenata was not limited to
extant elephants, but rather occurred at various points in the evolution of the clade; however,
the hundred-fold to hundred-million-fold increases in cancer risk that is associated with these
increases however poses an innate challenge in the evolution and persistence of this trait. The
environmental selective pressures on body size have long been the fascination of evolutionary
biologists, and the influence of climate, predation, geography, and ecological niche on body
size have been well established. [25]. Indeed, there is a general trend, known as Cope’s Rule,
for body sizes of species to increase over time [71, 76, 79]. However, for all the research
on body size that has been done thus far, the mechanisms that enable a release from the
negative pressure on body size exerted on cancer risk has proven more elusive [71, 76, 79].
Furthermore, we show that tumor suppressor duplications are enriched not only in large,
extant species, but also in large common ancestors, and that these duplications evolved
throughout the tree, rather than in concert. The ancestral body sizes of many of the subclades

in Atlantogenata were estimated to be large, and the estimated cancer risk increases - even
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for the small clades like Afroinsectivora may explain why these TSG gene duplications
occurred early on, and persisted even in species that we did not expect to have high risks
of cancer. However, some of our results also provide interesting evidence for a paradigm
of TSG duplications being a pervasive phenomenon, rather than a specific mechanism that
occurs after the evolution of gigantism. At the common ancestor of Proboscidea, which was
small relative to both its ancestors and its descendants, we see the emergence of various
TSG duplications, which may have enabled the stratospheric increase in body size of modern
elephants. We also identified many TSG duplication events in smaller species and lineages
such as in Chrysochloris asiatica and Elephantulus edwardii, although these may have been
the result of low-quality genomes.

The impacts and takeaways of this study are limited by the quality and quantity of
Atlantogenatan genomes that were available, and our available knowledge of the lifespans and
cancer risk of the extant species. For many of our species, studies in captivity are limited,
and the species are relatively understudied from a longitudinal perspective, such as with the
Cape Elephant Shrew and Cape Golden Mole. Furthermore, while there is recent interest in
resequencing and improving the quality of these assemblies, at the time of this writing there
is still quite a ways to go in order to have genomes of a sufficiently rigorous quality to make
stronger inferences about gene copy number expansions and contractions (which were not
considered in this study for this reason).

The lack of a stronger signal from tumor suppressor duplications is likely a result of
the strong effect size on both cancer risk and organismal toxicity that a TSG duplication
would provide. The duplication of a tumor suppressor in many cases is associated with
mild toxicity, although it greatly varies given the context and TSG in question; however, a
single TSG duplication can also provide significant protection against cancer. For example,
the overexpression of TP53 in mice, while protective of cancer, is associated with progeria

and early death; however, if an additional copy of TP53 is introduced with its regulatory
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elements intact, the mice are healthy and experience normaging, while also demonstrating an
enhanced response to cellular stress and lower rates of cancer. [178, 52]. In light of this, it
is fascinating that our results in the elephant lineage suggest that the duplication of TP53
regulators preceded the retroduplication and expansion of TP53, as this likely would have
lowered the toxicity of the initial duplication and thus enabled it to occur. Given a sufficient
selective pressure on increasing body size, it stands to reason that events like this could
alleviate the negative pleiotropy of TSG duplications sufficiently to enable their persistence
and allow for subsequent refinement over evolutionary time.

By combining a phylogenetic study on body size in addition to a survey of copy number
across nearly all protein-coding genes, we provide a comprehensive look at the question of the
role of cancer risk and body size in Atlantogenata that may provide broader insight to other
mammalian species. Our study was initially motivated by the identification of functional
duplicates of tumor suppressors, such as TP53 and LIF in elephants [1, 170, 180]. Further in
support of our results, a larger candidate gene study by Caulin et al. [20] characterized the
copy number of 830 known tumor-suppressor genes across 36 mammals and identified 382
putative duplicates, including duplicates in species with large body sizes and long life-spans.
However, while candidate gene studies are useful, by their very design they are biased in
determining larger patterns of evolution of traits. Without addressing these questions with a
genome-wide approach, any and all insights will be inevitably limited to a fraction of the
whole story.

Our results suggest that the pervasive duplication of tumor suppressors may help enable
the evolution of larger body sizes by lowering the cancer risk of species, either prior to or in
lockstep with increasing body size. however, this is unlikely to be the only genetic mechanism
at play in this scenario. In genome-wide studies of unusually large or long-lived species
such as the bowhead whale [89], Myotid bats [158, 190], naked mole rat [93], and blind mole

rat [43], there were cases of overrepresentation of TSGs among duplicate genes that were
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outshadowed by the identification of strong signatures of positive selection at TSGs. While
the evolution of regulatory and coding elements of both TSGs and other non-canonical tumor
suppressor genes have been shown to be important for mediating the cancer risk of long-lived
species, there has been no attention given to the possibility of TSG duplications providing
a relaxation of possible negative pleitropy that could result from these traits. It has been
well-established in the literature that genes duplication events allow for evolutionary drift in
one of the copies, which may result in neofunctionalization or specialization of the two copies
(147, 146, 167]. While this is beyond the scope of our study, a promising future direction of
this work would include an evolutionary analysis of duplicated genes relative to each other to

see if this has already occurred between the pairs of genes we have identified.
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2.5 Supplementary Figures
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Figure S.2.1: Estimated Copy Number by Coverage (ECNC) consolidates fragmented genes
while accounting for missing domains in homologs. A) A single, contiguous gene homolog in
a target genome with 100% query length coverage has an ECNC of 1.0. B) Two contiguous
gene homologs, each with 100% query length coverage have an ECNC of 2.0. C) A single
gene homolog, split across multiple scaffolds and contigs in a fragmented target genome;
BLAT identifies each fragment as a single hit. Per nucleotide of query sequence, there is
only one corresponding nucleotide over all the hits, thus the ECNC is 1.0. D) Two gene
homologs, one fragmented and one contiguous. 100% of nucleotides in the query sequence
are represented between all hits; however, every nucleotide in the query has two matching

nucleotides in the target genome, thus the ECNC is 2.0. (Continued on next page)
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Figure S.2.1: (Continued from prior page) E) One true gene homolog in the target genome,
plus multiple hits of a conserved domain that span 20% of the query sequence. While 100%
of the query sequence is represented in total, 20% of the nucleotides have 4 hits. Thus, the
ECNC for this gene is 1.45. F) Two real gene homologs; one hit is contiguous, one hit is
fragmented in two, and the tail end of both sequences was not identified by BLAT due to
sequence divergence. Only 75% of the query sequence was covered in total between the hits,

but for that 75%, each nucleotide has two hits. As such, ECNC is equal to 2.0 for this gene.

2.6 Supplementary Tables

Table S.2.1: NCBI SRA datasets used in this study, along with key biological and genome
information.

Organism Common Name Genome SRA Acc. Tissues

Dasypus novemcinctus Nine-banded armadillo dasNov3 SRR494779, SRR494767, Kidney, Spleen,
SRR494780, SRR494770, Cerebellum W/
SRR309130, SRR494771, Brainstem, Rft.
SRR4043756, SRR494776, Quadricep, Mid-Stage
SRR494778, SRR4043762, Pregnant
SRR4043755, SRR6206923, Endometrium, Cervix,
SRR4043761, SRR4043760, Lung, Liver, Skeletal
SRR6206913, SRR4043763, Muscle, Ascending
SRR494772, SRR494781, Colon, Pregnant
SRR494774, SRR494777, Armadillo
SRR494775, SRR4043754, Endometrium, Heart,
SRR1289524, SRR4043758, Placenta

SRR6206903, SRR1289523,
SRR4043759, SRR3222425,
SRR494768, SRR494769,
SRR6206908, SRR4043757,
SRR494766, SRR6206918,

SRR494773
Loxodonta africana African savanna elephant loxAfr3, SRR6307198, SRR1041765, Blood, Fibroblast,
loxAfrC, SRR6307199, SRR6307201, Placenta

loxAfr4 SRR6307196, SRR6307202,
SRR6307200, SRR6307195,
SRRI75188, SRR6307194,
SRR6307204, SRR3222430,
SRR6307205, SRR975189,
SRR6307197, SRR6307203

Trichechus manatus latirostris Manatee triManl, SRR4228542, SRR4228545, Buffy Coat
triMan- SRR4228544, SRR4228539,
Lat2 SRR4228541, SRR4228538,

SRR4228546, SRR4228537,
SRR4228540, SRR4228543,
SRR4228547
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Table S.2.2: Genomes used in this study.

Species

Common Name

Genomes Highest Quality Genome

Citation

Choloepus hoffmanni

Chrysochloris asiatica
Dasypus novemcinctus
Echinops telfairi

Elephantulus edwardii

Elephas maximus

Loxodonta africana

Loxodonta cyclotis
Mammut americanum

Mammuthus columbi

Mammuthus primigenius

Orycteropus afer

Palaeoloxodon antiquus

Procavia capensis

Trichechus manatus latirostris

Hoffmans two-toed sloth

Cape golden mole
Nine-banded armadillo
Lesser Hedgehog Tenrec

Cape elephant shrew

Asian elephant

African savanna elephant

African forest elephant
American mastodon

Columbian mammoth

Woolly mammoth

Aardvark

Straight tusked elephant

Rock hyrax

Manatee

choHof1, choHof-C_hoffmanni-2.0.1_HiC

choHof2,

choHof-

C_hoffmanni-

2.0.1_HiC

chrAsilm chrAsilm
dasNov3 dasNov3
echTel2 echTel2

eleEdwlm  eleEdwlm

eleMaxD eleMaxD
loxAfr3, loxAfr4
loxAfrC,

loxAfrd

loxCycF loxCycF
mamAmel  mamAmel

mamColU  mamColU

mamPriV mamPriV

oryAfel, OryAfel.0_HiC

OryAfel.0_HiC
palAntN palAntN

proCapl, proCap-Pcap_2.0_HiC

proCap2,
proCap-
Pcap_2.0_HiC

triManl, TriManLat1.0_HiC

TriMan-
Lat1.0_HiC

39

GCA_000296735.1
GCA_000208655.2
GCA_000313985.1
GCA_000299155.1

133
133, Broad/loxAfr4.0!

133
133
133

134
39

133
39, 103

39, 47

1. Available at ftp://ftp.broadinstitute.org/pub/assemblies/ mammals/elephant /loxAfr4
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CHAPTER 3
A ZOMBIE LIF GENE IN ELEPHANTS IS UP-REGULATED
BY TP53 TO INDUCE APOPTOSIS IN RESPONSE TO DNA
DAMAGE

3.1 Introduction

The risk of developing cancer places severe constraints on the evolution of large body sizes
and long lifespans in animals. If all cells have a similar risk of malignant transformation
and equivalent cancer suppression mechanisms, organism with many cells should have a
higher risk of developing cancer than organisms with fewer cells. Similarly organisms with
long lifespans have more time to accumulate cancer-causing mutations than organisms with
shorter lifespans and therefore should also be at an increased risk of developing cancer, a risk
that is compounded in large-bodied, long-lived organisms [17, 21, 36, 141, 140]. Consistent
with these expectations, there is a strong positive correlation between body size and cancer
incidence within species. Larger dog breeds, for example, have higher rates of cancer than
smaller breeds [34] and human cancer incidence increases with increasing adult height for
numerous cancer types [56]. In stark contrast, there are no correlations between body size
or lifespan and cancer risk between species [1]; this lack of correlation is often referred to as
‘Peto’s Paradox’ [21, 99, 140].

While the ultimate resolution to Peto’s paradox is that large bodied and/or long-lived
species evolved enhanced cancer protection mechanisms, identifying and characterizing those
mechanisms is essential for elucidating how enhanced cancer resistance and thus large bodies
and long lifespans evolved. Numerous and diverse mechanisms have been proposed to resolve
Peto’s paradox [21, 31, 88, 99, 108, 122, 125, 175], but discovering those mechanisms has been
challenging because the ideal study system is one in which a large, long-lived species is deeply

nested within a clade of smaller, short-lived species — all of which have sequenced genomes.
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Unfortunately, few lineages fit this pattern. Furthermore while comparative genomics can
identify genetic changes that are phylogenetically associated the evolution of enhanced cancer
protection, determining which of those genetic changes are causally related to cancer biology
through traditional reverse and forward genetics approaches are not realistic for large species
such as whales and elephants. Thus we must use other methods to demonstrate causality.

Among the most parsimonious mechanisms to resolve Peto’s paradox are a reduced number
of oncogenes and/or an increased number of tumor suppressor genes [21, 99, 125], but even
these relatively simple scenarios are complicated by transcriptional complexity and context
dependence. The multifunctional interleukin-6 class cytokine leukemia inhibitory factor (LIF),
for example, can function as either a tumor suppressor or an oncogene depending on the
context. Classically LIF functions as an extracellular cytokine by binding the LIF receptor
(LIFR) complex, which activates downstream PISK/AKT, JAK/STAT3, and TGF f3 signaling
pathways. The LIF' gene encodes at least three transcripts, LIF-D, LIF-M, and LIF-T, which
contain alternative first exons spliced to common second and third exons [59, 67, 148, 181].
Remarkably while the LIF-D and LIF-M isoforms are secreted proteins that interact with
the LIF receptor [148, 181], the LIF-T isoform lacks the propeptide sequence and is an
exclusively intracellular protein [59, 181] that induces caspase-dependent apoptosis through
an unknown mechanism [60].

Here we show that the genomes of Paenungulates (elephant, hyrax, and manatee) contain
numerous duplicate LIF' pseudogenes, at least one (LIF6) of which is expressed in elephant
cells and is up-regulated by TP53 in response to DNA damage. LIF6 encodes a separation
of function isoform structurally similar to LIF-T that induces apoptosis when overexpressed
in multiple cell types and is required for the elephant-specific enhanced cell death in response
to DNA-damage. These results suggest that the origin of a zombie LIF' gene (a reanimated
pseudogene that kills cells when expressed) may have contributed to the evolution of enhanced

cancer resistance in the elephant lineage and thus the evolution large body sizes and long
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lifespans.

3.2 Methods

3.2.1 Identification of LIF genes in Mammalian genomes

We used BLAT to search for LIF' genes in 53 Sarcopterygian genomes using the human
LIF protein sequences as an initial query. After identifying the canonical LIF gene from
each species, we used the nucleotide sequences corresponding to this LIF CDS as the query
sequence for additional BLAT searches within that species genome. To further confirm the
orthology of each LIF gene we used a reciprocal best BLAT [90] approach, sequentially using
the putative CDS of each LIF gene as a query against the human genome; in each case the
query gene was identified as LIF. Finally we used the putative amino acid sequence of the
LIF protein as a query sequence in a BLAT search.

We thus used BLAT to characterize the LIF copy number in Human (Homo sapi-
ens; GRCh37/hgl9), Chimp (Pan troglodytes; CSAC 2.1.4/panTrod), Gorilla (Gorilla go-
rilla gorilla; gorGor3.1/gorGor3), Orangutan (Pongo pygmaeus abelii; WUGSC 2.0.2/pon-
Abe2), Gibbon (Nomascus leucogenys; GGSC Nleu3.0/nomLeu3), Rhesus (Macaca mu-
latta; BGI CR_1.0/rheMac3), Baboon (Papio hamadryas; Baylor Pham_1.0/papHaml),
Marmoset (Callithriz jacchus; WUGSC 3.2/calJac3), Squirrel monkey (Saimiri boliviensis;
Broad/saiBoll), Tarsier ( Tarsius syrichta; Tarsius_syrichta2.0.1/tarSyr2), Bushbaby (Otole-
mur garnettii; Broad /otoGar3), Mouse lemur (Microcebus murinus; Broad/micMurl), Chinese
tree shrew (Tupaia chinensis; TupChi_1.0/tupChil), Squirrel (Spermophilus tridecemlineatus;
Broad/speTri2), Mouse (Mus musculus; GRCm38/mm10), Rat (Rattus norvegicus; RGSC
5.0/rnb), Naked mole-rat (Heterocephalus glaber; Broad HetGla_female_1.0/hetGla2), Guinea
pig (Cavia porcellus; Broad/cavPor3), Rabbit (Oryctolagus cuniculus; Broad /oryCun2), Pika
(Ochotona princeps; OchPri3.0/ochPri3), Kangaroo rat (Dipodomys ordii; Broad/dipOrd1),
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Chinese hamster (Cricetulus griseus; C_griseus_v1.0/criGril), Pig (Sus scrofa; SGSC Ss-
crofal0.2/susScr3), Alpaca ( Vicugna pacos; Vicugna_pacos-2.0.1/vicPac2), Dolphin ( Tur-
siops truncatus; Baylor Ttru_1.4/turTru2), Cow (Bos taurus; Baylor Btau_4.6.1/bosTau7),
Sheep (Owis aries; ISGC Oar_v3.1/oviAri3), Horse (Equus caballus; Broad/equCab2), White
rhinoceros (Ceratotherium simum; CerSimSim1.0/cerSim1), Cat (Felis catus; ICGSC Fe-
lis_catus 6.2/felCat5), Dog (Canis lupus familiaris; Broad CanFam3.1/canFam3), Ferret
(Mustela putorius furo; MusPutFurl.0/musFurl), Panda (Ailuropoda melanoleuca; BGI-
Shenzhen 1.0/ailMell), Megabat (Pteropus vampyrus; Broad/pteVam1l), Microbat (Myotis
lucifugus; Broad Institute Myoluc2.0/myoLuc2), Hedgehog ( Erinaceus europaeus; EriEur2.0/
eriBur2), Shrew (Sorex araneus; Broad/sorAra2), Minke whale (Balaenoptera acutorostrata
scammoni; balAcul), Bowhead Whale (Balaena mysticetus; v1.0), Rock hyrax ( Procavia capen-
sis; Broad/proCapl), Sloth (Choloepus hoffmanni; Broad/choHof1), Elephant (Loxodonta
africana; Broad/loxAfr3), Cape elephant shrew (Elephantulus edwardii; EleEdw1.0/eleEdw1),
Manatee ( Trichechus manatus latirostris; Broad v1.0/triManl), Tenrec (Echinops telfairi;
Broad/echTel2), Aardvark (Orycteropus afer afer; OryAfel.0/oryAfel), Armadillo (Dasy-
pus novemcinctus; Baylor/dasNov3), Opossum (Monodelphis domestica; Broad /monDom5),
Tasmanian devil (Sarcophilus harrisii; WTSI Devil_ref v7.0/sarHarl), Wallaby (Macropus
eugenii; TWGS Meug_1.1/macEug2), and Platypus (Ornithorhynchus anatinus; WUGSC
5.0.1/ornAnal).

3.2.2  Phylogenetic analyses and gene tree reconciliation of Paenungulate

LIF genes

The phylogeny of LIF genes was estimated using an alignment of the LIF loci from the
African elephant, hyrax, manatee, tenrec, and armadillo genomes and BEAST (v1.8.3)
[150]. We used the HKY85 substitution, which was chosen as the best model using HyPhy,

empirical nucleotide frequencies (+F), a proportion of invariable sites estimated from the
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data (41), four gamma distributed rate categories (+G), an uncorrelated random local clock
to model substitution rate variation across lineages, a Yule speciation tree prior, uniform
priors for the GTR substitution parameters, gamma shape parameter, proportion of invariant
sites parameter, and nucleotide frequency parameter. We used an Unweighted Pair Group
Arithmetic Mean (UPGMA) starting tree. The analysis was run for 10 million generations
and sampled every 1000 generations with a burn-in of 1000 sampled trees; convergence was
assessed using Tracer, which indicated convergence was reached rapidly (within 100,000

generations). We used Notung v2.6 [22] to reconcile the gene and species trees.

3.2.3 Gene expression data (Analyses of RNA-Seq data and RT-PCR)

To determine if duplicate LIF genes were basally transcribed, we assembled and quantified
elephant LIF transcripts with HISAT2 and StringTie [92, 139, 138] using deep 100bp paired-
end RNA-Seq data (over 138 million reads) we previously generated from Asian elephant
dermal fibroblasts [170], as well as more shallow (approx. 30 million reads) singe-end
sequencing from African elephant dermal fibroblasts [27] and placenta [170], and Asian
elephant peripheral blood mononuclear cells (PBMCs) [149]. HISAT2 and StringTie were
run on the Galaxy web-based platform (https://usegalaxy.org) [2] using default settings, and
without a guide GTF/GFF file.

We determined if LIF' transcription was induced by DNA damage and p53 activation in
African elephant Primary fibroblasts (San Diego Frozen Zoo) using RT-PCR and primers de-
signed to amplify elephant duplicate LIF genes, including LIF1-F: 5-GCACAGAGAAGGACA
AGCTG-3’, LIF1-R: 5’-CACGTGGTACTTGTTGCACA-3’, LIF6-F: 5-CAGCTAGACTTCG
TGGCAAC-3', LIF6-R: 5-AGCTCAGTGATGACCTGCTT-3", LIF3-R: 5-TCTTTGGCTGA
GGTGTAGGG-3’, LIF4-F: 5’-GGCACGGAAAAGGACAAGTT-3, LIF4-R: 5-GCCGTGCG
TACTTTATCAGG-3’, LIF5-F: 5-CTCCACAGCAAGCTCAAGTC-3’, LIF5-R: 5-GGGGA
TGAGCTGTGTGTACT-3". We also used primers to elephant BAX to determine if it
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was up-regulated by TP53: BAX-F: 5’-CATCCAGGATCGAGCAAAGC-3’, BAX-R: 5'-
CCACAGCTGCAATCATCCTC-3". African elephant Primary fibroblasts were grown to
80% confluency in T-75 culture flasks at 37°C/5% CO2 in a culture medium consisting of
FGM/EMEM (1:1) supplemented with insulin, FGF, 6% FBS and Gentamicin/Amphotericin
B (FGM-2, singlequots, Clonetics/Lonza). At 80% confluency, cells were harvested and
seeded into 6-well culture plates at 10,000 cells/well. Once cells recovered to 80% confluency
they were treated with either vehicle control, 50uM Doxorubicin, or 50uM Nutlin-3a.

Total RNA was extracted using the RNAeasy Plus Mini kit (Qiagen), then DNase treated
(Turbo DNA-free kit, Ambion) and reverse-transcribed using an olgio-dT primer for cDNA
synthesis (Maxima H Minus First Strand cDNA Synthesis kit, Thermo Scientific). Control RT
reactions were otherwise processed identically, except for the omission of reverse transcriptase
from the reaction mixture. RT products were PCR-amplified for 45 cycles of 94°/20 seconds,
56°/30 seconds, 72°/30 seconds using a BioRad CFX96 Real Time qPCR detection system
and SYBR Green master mix (QuantiTect, Qiagen). PCR products were electrophoresed on
3% agarose gels for 1 hour at 100 volts, stained with SYBR safe, and imaged in a digital gel

box (ChemiDoc MP, BioRad) to visualize relative amplicon sizes.

3.2.4 Statistical methods

We used a Wilcox or T-test test implanted in R for all statistical comparisons, with at least
four biological replicates. The specific statistical test used and number replicates for each

experiment are indicated in figure legends.

3.2.5 Luciferase assay and cell culture

We used the JASPAR database of transcription factor binding site (TFBS) motifs [115]
to computationally predict putative TFBSs within a 3kb window around Atlantogenatan

LIF genes and identified matches for the TP53 motif (MA0106.3), including a match

93



(sequence: CACATGTCCTGGCAACCT, score: 8.22, relative score: 0.82) 1kb upstream of
the African elephant LIF6 start codon. To test if the putative p53 binding site upstream
of elephant LIF6 was a functional p53 response element, we synthesized (GeneScript)
and cloned the —1100bp to +30bp region of the African elephant LIF6 gene (loxAfr3_dna
range=scaffold_68:4294134-4295330 strand=+ repeatMasking=none) and a mutant lacking
the CACATGTCCTGGCAACCT sequence into the pGL3-Basic[minP] luciferase reporter
vector.

African elephant primary fibroblasts (San Diego Frozen Zoo) were grown to 80% confluency
in T-75 culture flasks at 37°C/5% CO2 in a culture medium consisting of FGM/EMEM (1:1)
supplemented with insulin, FGF, 6% FBS and Gentamicin/Amphotericin B (FGM-2, single-
quots, Clonetics/Lonza). At 80% confluency, 104 cells were harvested and seeded into 96-well
white culture plates. 24 hours later cells were transfected using Lipofectamine LTX and either
100g of the pGL3-Basic[minP], pGL3-Basic[minP] —~1100bp to +30bp, pGL3-Basic[minP]
-1100bp—+30bp Ap53TFEFBS luciferase reporter vectors and 1ng of the pGL4.74 [hRluc/TK]| Re-
nilla control reporter vector according the standard protocol with 0.5 ul/well of Lipofectamine
LTX Reagent and 0.1ul/well of PLUS Reagent. 24 hours after transfection cells were treated
with either vehicle control, 50uM Doxorubicin, or 50u4M Nutlin-3a. Luciferase expression was
assayed 48 hours after drug treatment, using the Dual-Luciferase Reporter Assay System
(Promega) in a GloMax-Multi+ Reader (Promega). For all experiments luciferase expression
was standardized to Renilla expression to control for differences transfection efficiency across
samples; Luc./Renilla data is standardized to (Luc./Renilla) expression in untreated control
cells. Each luciferase experiment was replicated three independent times, with 8-16 biological

replicates per treatment and control group.
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3.2.6 ChIP-gqPCR and cell culture

African elephant primary fibroblasts were grown to 80% confluency in T-75 culture flasks at
37°C/5% CO2 in a culture medium consisting of FGM/EMEM (1:1) supplemented with insulin,
FGF, 6% FBS and Gentamicin/Amphotericin B (FGM-2, singlequots, Clonetics/Lonza). 104
cells were seeded into each well of 6-well plate and grown to 80% confluency. Cells were
then treated with either a negative control siRNA or equimolar amounts of a combination
of three siRNAs that specifically target the canonical TP53 transcript using Lipofectamine
LTX according to the suggested standard protocol. The next day, cells were treated with
either water, DMSO, 50uM Doxorubicin, or 50uM Nutlin-3a in three biological replicates for
each condition. After 18 hrs of incubation with each drug, wells were washed three times
with ice cold PBS and PBS replaced with fresh media, and chromatin cross linked with 1%
fresh formaldehyde for 10 minutes. We used The MAGnify Chromatin Immunoprecipitation
System (ThermoFischer #492024) to perform chromatin immunoprecipitation according to
the suggested protocol. However rather than shearing chromatin by sonication, we used the
ChIP-It Express Enzymatic Shearing Kit (Active Motif # 53009) according to the suggested
protocol. Specific modifications to the MAGnify Chromatin Immunoprecipitation System
included using 3ug of the polyclonal TP53 antibody (FL-393, lot #D0215, Santa Cruz
Biotechnology).

We used qPCR to assay for enrichment of TP53 binding from the ChIP-Seq using the for-
ward primer 5-TGGTTTCCAGGAGTCTTGCT-3" and the reverse primer 5-CATCCCCTC
CTTCCTCTGTC-3’. 100ng of ChIP DNA was used per PCR reaction, which was amplified
for 45 cycles of 94°/20 s, 56°/30 s, 72°/30 s using a BioRad CFX96 Real Time qPCR detection
system and SYBR Green master mix (QuantiTect, Qiagen). Data are shown as fold increase
in TP53 ChIP signal relative to the background rabbit IgG ChIP signal and standardized to

the control water for DOX or DMSO for nutlin-3a treatments.
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3.2.7 ApoToz-Glo Viability/Cytotozicity/Apoptosis experiments

T75 culture flasks were seeded with 200,000 African Elephant primary fibroblasts, and
grown to 80% confluency at 37°C/5% CO2 in a culture medium consisting of FGM/EMEM
(1:1) supplemented with insulin, FGF, 6% FBS and Gentamicin/Amphotericin B (FGM-
2, singlequots, Clonetics/Lonza). 5000 cells were seeded into each well of two opaque-
bottomed 96-well plates. In each plate, half of the columns in the plate were transfected with
pcDNA3.1/LIF6/eGFP (GenScript) using Lipofectamine LTX (Thermo Scientific 15338100);
the other half were mock transfected with the same protocol without any DNA. In the plate
designated for the 18hr timepoint, each column was treated with either: 50uM (-)-Nutlin-
3 (Cayman 18585); 20uM Z-VAD-FMK (Cayman 14463); 2uM Cyclosporin A (Cayman
12088); 50pM Doxorubicin (Fisher BP251610); DMSO (Fisher BP231100); or DPBS (Gibco
14190136). For the 24hr timepoint, the same schema for treatment was used, but with
half-doses. Each treatment contained eight biological replicates for each condition. After
18 hrs of incubation with each drug, cell viability, cytotoxicity, and Caspase-3/7 activity
were measured using the ApoTox-Glo Triplex Assay (Promega) in a GloMax-Multi+ Reader
(Promega). Z-VAD-FMK readings were normalized to the PBS-treated, mock-transfected
cells; all others were normalized to the DMSO-treated, mock-transfected cells.

T75 culture flasks were seeded with 250,000 wild-type (ATCC CRL-2907) and Bak/Baz
double knockout (ATCC CRL-2913) mouse embryonic fibroblasts (MEFs), or Chinese hamster
ovary cells (CHO-K1, Thermo R75807) and allowed to grow to 80% confluency at 37°C/5%
CO2 in a culture medium consisting of high-glucose DMEM (Gibco) supplemented with
GlutaMax (Gibco), Sodium pyruvate (Gibco), 10% FBS (Gibco), and Penicillin-Streptomycin
(Gibco). 3000 cells were seeded into each well of an opaque, bottomed 96-well plate. Half of
the columns in the plate were transfected with pcDNA3.1/LIF6/eGFP (GenScript) using
Lipofectamine LTX (ThermoFisher Scientific 15338100); the other half were mock transfected

with the same protocol without any DNA. 6 hours post-transfection, the transfection reagents
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and media from each well was replaced: for the 24-hour timepoint, drug-supplemented media
was placed within the wells; for the 48-hour timepoint, untreated media was placed in the wells,
and then replaced with treatment media 24-hours later. Each column was treated with either:
50uM (-)-Nutlin-3 (Cayman 18585); 20uM Z-VAD-FMK (Cayman 14463); 2uM Cyclosporin A
(Cayman 12088); 501M Doxorubicin (Fisher BP251610); DMSO (Fisher BP231100); or DPBS
(Gibco 14190136). Each treatment contained eight biological replicates for each condition.
After 18 hrs of incubation with each drug, cell viability, cytotoxicity, and Caspase-3/7 activity
were measured using the ApoTox-Glo Triplex Assay (Promega) in a GloMax-Multi+ Reader
(Promega). Z-VAD-FMK readings were normalized to the PBS-treated, mock-transfected
cells; all others were normalized to the DMSO-treated, mock-transfected cells.

For knockdown experiments T75 culture flasks were seeded with 200,000 African Ele-
phant primary fibroblasts, and grown to 80% confluency at 37°C/5% CO2 in a culture
medium consisting of FGM/EMEM (1:1) supplemented with insulin, FGF, 6% FBS and
Gentamicin/Amphotericin B (FGM-2, singlequots, Clonetics/Lonza). 5000 cells were seeded
into each well of two opaque-bottomed 96-well plates. In each plate, pairs of rows were
transfected with either Silencer™ Select Negative Control No. 1 siRNA (Thermo 4390843),
P53 siRNA (Dharmacon) [170], and either with or without pcDNA3.1/LIF6/eGFP (Gen-
Script) using Lipofectamine LTX (Thermo Scientific 15338100). In the plate designated
for the 18hr timepoint, each column was treated with either: 50uM Doxorubicin (Fisher
BP251610); or an equivalent dilution of Ethanol (Fisher BP2818100). For the 24hr timepoint,
the same schema for treatment was used, but with half-doses. Each treatment contained
eight biological replicates for each condition. After 18 hrs of incubation with each drug, cell
viability, cytotoxicity, and Caspase-3/7 activity were measured using the ApoTox-Glo Triplex
Assay (Promega) in a GloMax-Multi+ Reader (Promega). All data were normalized to the
ethanol-treated scrambled siRNA control samples. siRNAs were designed to specifically-target

the elephant LIF6 gene. Sequences of the three LIF6-specific siRNAs used are as follows: 1)
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5-GAAUAUACCUGGAGGAAUGUU-3’, 2) 5-GGAAGGAGGCCAUGAUGAAUU-3’, 3)
5-CACAAUAAGACUAGGAUAUUU-3" (Dharmacon). We also validated efficiency of the
knockdown via qRT-PCR using the primer sets described earlier, which specifically the LIF6
gene, and confirmed the combination of all three LIF6 siRNAs was 88

To determine if LIF6 was sufficient to induce apoptosis we synthesized and cloned
(GeneScript) the African elephant LIF6 gene into the pcDNA3.1+C-DYK expression vector,
which adds at DYK epitope tag immediately C-terminal to the LIF6 protein. We transiently
transfected Chinese hamster ovary (CHO) cells or MEFs with LIF6_pcDNA3.1+C-DYK
expression vector using Lipofectamine LTX according to manufacturer protocol and as
described above, and assayed cell viability, cytotoxicity, and the induction of apoptosis using
an ApoTox-Glo triplex assay. Mitochondrion membrane potential was assayed in CHO cells
using the fluorometric Mitochondrion Membrane Potential Kit (Sigma MAK147) 48 hours

after transfection.

3.2.8 FEvolutionary analyses of LIF genes

We used a Bayesian approach to date LIF duplication events implemented in BEAST (v1.8.3)
[150], including all identified African elephant, hyrax, and manatee LIF duplicates, as well
as cannonical LIF genes from armadillo, sloth, aardvark, golden mole, and LIF6 genes from
Asian elephant, woolly and Columbian mammoth, straight-tusked elephant, and American
Mastodon [134]. We used the GTR substitution, which was chosen as the best model using
HyPhy, empirical nucleotide frequencies (+F), a proportion of invariable sites estimated
from the data (+I), four gamma distributed rate categories (+G) with the shape parameter
estimated from the data, an uncorrelated random local clock to model substitution rate
variation across lineages, a Yule speciation tree prior, uniform priors for the GTR substitution
parameters, gamma shape parameter, proportion of invariant sites parameter, and nucleotide

frequency parameter. We used an Unweighted Pair Group Arithmetic Mean (UPGMA)
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starting tree. The analysis was run for 10 million generations and sampled every 1000
generations with a burn-in of 1000 sampled trees; convergence was assessed using Tracer,
which indicated convergence was reached rapidly (within 100,000 generations).

To constrain nodes we used normal priors with estimated confidence intervals, the root
node was constrained to be 105 MYA, the root of Xenarthra was constrained to be 66 MYA,
the root of Afrosoricida was constrained to be 70 MYA, the root of Afrosoricida-Macroselidea
divergence constrained to be 75 MYA, the FElephantidea root was constrained to be 7.5 MYA,
the Afrotheria root was constrained to be 83 MYA, the Paeungulata root was constrained to
be 68 MYA, and the Proboscidea root was constrained to be 16 MYA. Divergence dates were
obtained from www.timetree.org using the ‘Expert Result’ divergence dates.

We used the RELAX method to [184] test if duplicate LIF genes experienced a relaxation
of the intensity of selection using the DataMonkey web server [33]. The alignment included all
duplicate LIF genes identified in the African elephant, hyrax, and manatee genomes, as well
as cannonical LIF genes from armadillo, sloth, aardvark, golden mole, and LIF6 genes from
Asian elephant, woolly and Columbian mammoth, straight-tusked elephant, and American
Mastodon. Alignment confidence was assessed using GUIDANCE2 [159] with the MAFFT

[87] algorithm and 100 bootstrap replicates.

3.3 Results

3.3.1 Repeated segmental duplications increased LIF' copy number in

Paenungulates

We characterized LIF' copy number in 53 mammalian genomes, including large, long-lived
mammals such as the African elephant (Lozodonta africana), Bowhead (Balaena mysticetus)
and Minke (Balaenoptera acutorostrata scammoni) whales, as well as small, long-lived

mammals such bats and the naked mole rat. We found that most Mammalian genomes
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encoded a single LIF' gene, however, the manatee ( Trichechus manatus), rock hyrax (Procavia
capensis), and African elephant genomes contained 7-11 additional copies of LIF (Figure
3.1). Nomne of the duplicate LIF genes includes the 5-UTR, coding exon 1, or a paired
low complexity (CGAG)n/CT-rich repeat common to the canonical LIF genes in elephant,
hyrax, manatee, tenrec, and armadillo (Figure 3.2A). Most of the duplicates include complex
transposable element insertions composed of tandem tRNA-Asn-AAC/AFROSINE and
AFROSINE3/tRNA-RTE/MIRc elements within introns one and two (Figure 3.2A). Fine
mapping of the duplicate ends by reciprocal best BLAT indicates that there is no region of
homology upstream of the tRNA-Asn-AAC/AFROSINE elements for duplicates that include
exon 2, whereas duplicate LIF genes that lack exon 2 have 150-300bp regions of homology
just upstream of the paired AFROSINE3/tRNA-RTE/MIRc elements in intron 2. The LIF
encoding loci in the hyrax and manatee genomes have not been assembled into large-scale
scaffolds, but the African elephant LIF loci are located within a 3.5Mb block of chromosome

25 (loxAfrd).
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followed by lineage-specific duplication and loss events, or some combination of these processes.



We used Bayesian phylogenetic methods to reconstruct the LIF gene tree and gene tree
reconciliation to reconstruct the pattern of LIF duplication and loss events in Paenungulates.
Consistent with a combination of ancestral and lineage-specific duplications, our phylogenetic
analyses of Paenungulate LIF genes identified well-supported clades containing loci from
multiple species as well as clades containing loci from only a single species (Figure 3.2B).
The reconciled tree identified 17 duplication and 14 loss events (Figure 3.2C). These data
indicate that the additional LIF genes result from repeated rounds of segmental duplication,

perhaps mediated by recombination between repeat elements.
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Figure 3.2: LIF' copy number increased through segmental duplications. A) Organization of
the LIF loci in African elephant (loxAfr), hyrax (ProCap), and manatee (triMan), tenrec
(echTel), and armadillo (dasNov) genomes. The location of homologous transposable elements
around LIF genes and TP53 transcription factor binding sites are shown. B) LIF gene tree,
nodes with Bayesian Posterior Probabilities (BPP) ; 0.9 are indicated with black circles. C)
Reconciled LIF' gene trees African elephant (loxAfr), hyrax (ProCap), and manatee (triMan).
Duplication events are indicated with red squares, gene loss events are indicated with in blue

and noted with “*LOST’. Cannonical LIF genes (LIF1) are shown in red.
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3.3.2  Duplicate LIF genes are structurally similar to the LIF-T
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Figure 3.3: Structure of duplicate LIF genes with coding potential. A) Domain structure of
the LIF-D and LIF-T isoforms and of duplicate elephant, hyrax, and manatee LIF duplicates
with coding potential. Locations of the propeptide, interactions sites with the LIF receptor
(LIFR), and L/I repeat are shown. B) Sequence logo showing conservation of LIF receptor
(LIFR) interaction sites in duplicate LIF proteins. Residues in LIF' that make physical
contacts with LIFR are indicated with black arrows. Amino acids are colored according to
physicochemical properties. Column height indicates overall conservation at that site (4, most
conserved). C) Sequence logo showing conservation of the leucine/isoleucine repeat region in
duplicate LIF proteins. Leucine/isoleucine residues required for pro-apoptotic functions of
LIF-T are indicated with red arrows. Amino acids are colored according to physicochemical
properties. Column height indicates overall conservation at that site (4, most conserved). D)
Leucine/isoleucine residues in the African elephant LIF6 form an amphipathic alpha helix.
Structural model of the LIF6 protein (left, center), and helical wheel representation of the

LIF6 amphipathic alpha helix.

Barring transcription initiation from cryptic upstream sites encoding in frame start codons,

all duplicate LIF genes encode N-terminally truncated variants that are missing exon 1, lack
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the propeptide sequence, and are similar in primary structures to LIF-T (Figure 3.3A). While
some duplicates lack the N-terminal LIFR interaction site (Figure 3.3A), all include the
leucine/isoleucine repeat required for inducing apoptosis (Figure 3.3A) [60]. Crucial residues
that mediate the interaction between LIF and LIFR (Figure 3.3B) [75, 77] are relatively
well conserved in duplicate LIF proteins, as are specific leucine/isoleucine residues that are
required for the pro-apoptotic functions of LIF-T (Figure 3.3C) [60]. Haines et al. (2000)
[60] suggested that the leucine/isoleucine residues of LIF-T are located on a single face of
helix B, and may form an amphipathic a-helix. Similar to LIF-T, leucine/isoleucine residues
of duplicate LIF proteins are located on a single face of helix B (Figure 3.3D). These data

suggest that at least some of the structural features that mediate LIF functions, in particular

the pro-apoptotic function(s) of LIF-T, are conserved in duplicate LIF's.

3.3.8  Elephant LIF6 s up-requlated by TP53 in response to DNA damage
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Figure 3.4: African elephant LIF6 is transcriptionally up-regualted by TP53 in response to

DNA damage. (Continued on next page)
64



Figure 3.4: (Continued from previous page) A) Structure of the African elephant LIF/LIF6
locus (loxAfr3). The ENSEMBL LIF and genelD gene models are shown in blue and cyan.
Transcripts assembled by StringTie (option ‘do not use GFF/GTF’) are shown in black. The
region upstream of LIF6 used in transcription factor binding site prediction and luciferase
assays is shown in red; the location of the putative p53 binding-site is shown in dark red. (B)
Quantitative real-time PCR (qPCR) showing that LIF6 is up-regulated in African elephant
fibroblasts treated with doxorubicin (DOX) or nutlin-3a (N3a) and either a negative control
siRNA (-) or an siRNA to knockdown TP53 expression (+); TP53 knockdown prevents
LIF6 up-regulation in response to DOX or N3a. Data shown as fold-change relative to
control (water) or DMSO (a carrier for nutlin-3a). N=8, *** Wilcox test P<0.001. C) Dual
luciferase reporter assay indicates that the LIF6 upstream region (p53RE) activates luciferase
expression in African elephant fibroblasts treated in response to doxorubicin (DOX) or nutlin-
3a treatment (N3a), and is significantly attenuated by deletion of the putative TP53 binding
site (Aph3). Data shown as fold-change relative to controls (water for DOX, DMSO for
N3a). NT, no DOX or nutlin-3a treatment. N=8, *** Wilcox test P<0.001. D) ChIP-qPCR
indicates that the putative TP53 binding site is bound by T'P53 in response to in response
to doxorubicin (DOX-) or nutlin-3a treatment (N3a-), and is significantly attenuated by
siRNA mediated TP53 knockdown (DOX+ or N3a-). Data shown as fold-change relative to
carrier controls (water or DMSO) and standardized to IgG control. N=3, * unequal variance
T-test P< 0.06. E) Knockdown of TP53 inhibits DOX induced apoptosis in elephant African
elephant fibroblasts. Fibroblasts were transiently transfected with either an negative control
siRNA (siCtl) or three siRNAs targeting TP53, and either a empty vector control or a LIF6
expression vector. Apoptosis was assayed using an ApoTox-Glo 18 hours after treatment

with DOX or control media. N=8, **** Wilcox test P<0.05, *** Wilcox test P<0.001.

If expansion of the LIF gene repertoire plays a role in the evolution of enhanced cancer

resistance, then one or more of the LIF' genes should be transcribed. To determine if duplicate
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LIF genes were transcribed, we assembled and quantified elephant LIF transcripts with
HISAT2 and StringTie [92, 139, 138] using deep 100bp paired-end RNA-Seq data (;138
million reads) we previously generated from Asian elephant dermal fibroblasts [170], as well as
more shallow ( 30 million reads) singe-end sequencing from Asian elephant peripheral blood
mononuclear cells (PBMCs) [149], African elephant dermal fibroblasts [27] and placenta [170].
We identified transcripts corresponding to the LIF-D, LIF-M, and LIF-T isoforms of the
canonical LIF1 gene, and one transcript of a duplicate LIF gene (LIF6) in Asian elephant
dermal fibroblasts (Figure 3.4A). The LIF6 transcript initiates just downstream of canonical
exon 2 and expression was extremely low (0.33 transcripts per million), as might be expected
for a pro-apoptotic gene. No other RNA-Seq dataset identified duplicate LIF transcripts.
Previous studies have shown that TP53 regulates basal and inducible transcription of
LIF in response to DNA damage through a binding site located in LIF intron 1 [12, 73],
suggesting that duplicate LIF' genes may be regulated by TP53. Therefore we computationally
predicted TP53 binding sites within a 3kb window around Atlantogenatan LIF genes and
identified binding site motifs in the first intron of African elephant, hyrax, manatee, tenrec,
and armadillo LIF1 genes whereas the only duplicate LIF' gene with a putative TP53 binding
site was elephant LIF6; note that the putative TP53 binding sites around LIF1 and LIF6 are
not homologous (Figure S.3.1). Next we treated African elephant primary dermal fibroblasts
with the DNA damaging agent doxorubicin (DOX) or the MDM2 antagonist nutlin-3a and
quantified the transcription of canonical LIF1, duplicate LIF genes, and the TP53 target
gene Bax by qRT-PCR. DOX treatment induced LIF6 expression 8.18-fold (Wilcox test,
P=1.54x10-6) and nutlin-3a induced LIF6 expression 16.06-fold (Wilcox test, P=1.00x10-4),
which was almost completely attenuated by siRNA mediated TP53 knockdown (Figure S.3.2
and Figure 3.4B). Treatment with DOX (Wilcox test, P=1.55x10-4) or nutlin-3a (Wilcox
test, P=1.55x10-4) also up-regulated the TP53 target gene BAX (Figure 3.4B), which again

was almost blocked by knockdown of TP53 (Figure 3.4B). In contrast neither treatment
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up-regulated LIF1 (Figure 3.4B) and we observed no expression of the other duplicate
LIF genes in African elephant fibroblasts or any LIF duplicate in hyrax fibroblasts treated
with DOX or nutlin-3a. These data suggest that while LIF6 encodes a transcribed gene in
elephants, transcription of the other LIF' duplicates is either induced by different signals or
they are pseudogenes.

To test if the putative T'P53 binding site upstream of elephant LIF6 was a functional
TP53 response element, we cloned the —1100bp to +30bp region of the African elephant
LIF6 gene into the pGL3-Basic|minP] luciferase reporter vector and tested its regulatory
ability in dual luciferase reporter assays. We found that the African elephant LIF6 upstream
region had no effect on basal luciferase expression in transiently transfected African elephant
fibroblasts (Wilcox test, P=0.53). In contrast, both DOX (Wilcox test, P=1.37x10-8) and
nutlin-3a (Wilcox test, P=1.37x10-8) strongly increased luciferase expression (Figure 3.4C),
which was almost completely abrogated by deletion of the putative TP53 binding-site in
DOX (Wilcox test, P=1.37x10-8) and N3a (Wilcox test, P=1.37x10-9) treated cells (Figure
3.4C). Next we performed ChIP-qPCR to determine if the TP53 binding-site upstream of
LIF6 is bound by TP53% in African elephant fibroblasts treated with DOX or nutlin-3a using
a rabbit polyclonal TP53 antibody (FL-393) that we previously demonstrated recognizes
elephant TP53 [170]. DOX treatment increased TP53 binding 14.26-fold (unequal variance
t-test, P=0.039) and nutlin-3a increased TP53 binding 10.75-fold (unequal variance t-test,
P=0.058) relative to ChIP-qPCR with normal mouse IgG control antibody. This increased
binding was almost completely attenuated by siRNA mediated TP53 knockdown (Figure
3.4D).

Finally, we transiently transfected elephant fibroblasts with either a negative control
siRNA or siRNAs targeting TP53 and a LIF6 expression vector and assayed cell viability,
cytotoxicity, and apoptosis using an ApoTox-Glo assay 18 hours after treatment with DOX

or control media. We found that LIF6 expression with negative control siRNAs augmented
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the induction of apoptosis by DOX (Wilcox test, P=0.033; Figure 3.4E and Figure S.3.3).
Knockdown of TP53 did not inhibit the induction of apoptosis (Wilcox test, P=0.033; Figure
3.4F and Figure S.3.3), suggesting T'P53 knockdown was insufficient to alter the induction of
apoptosis; note that while siRNA mediated knockdown significantly reduced TP53 transcript
levels (Figure S.3.2), we were unable to validate knockdown of the T'P53 protein because the
FL-393 antibody that recognizes elephant T'P53 is no longer available. Interestingly, however,
LIF6 transfection induced apoptosis in elephant fibroblasts treated with control media and
negative control siRNAs (Wilcox test, P=0.008), suggesting that LIF'6 can induce apoptosis
in the absence of DNA damage similar to LIF-T (Figure 3.4E and Figure S.3.3). Thus, we
conclude that elephant LIF6 is transcriptionally up-regulated by TP53 in response to DNA

damage and may have pro-apoptotic functions.
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3.83.4  Elephant LIF6 contributes to the augmented DNA-damage response in

elephants
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Figure 3.5: African elephant LIF6 contributes to the augmented DNA damage response
in elephants. A) African elephant fibroblasts were treated with either doxorubicin (DOX)
or nutlin-3a (N3a), or an equimolar mixture of 3 siRNAs targeting LIF6 and doxorubicin
(DOX/LIF6 siRNA) or nutlin-3a treatment (N3a/LIF6 siRNA). Cell viability, cytoxicity, and
the induction of apoptosis was assayed using an ApoTox-Glo assay 24 hours after treatment.
NT, no treatment. Ctl siRNA, negative control siRNA. DMSO, carrier for nutlin-3a. N=16,
Wilcox test. B) African elephant fibroblasts were transiently transfected with either an
empty expression vector (Ctl) or a LIF6 encoding expression vector (LIF6), and treated with
either DOX, the caspase inhibitor Z-VAD-FMK; or the cyclosporine A (CsA) which inhibits

opening of the opening of the mitochondrial permeability transition pore. N=8, Wilcox test

We have previously shown that elephant cells evolved to be extremely sensitive to genotoxic
stress and induce apoptosis at lower levels of DNA damage than their closest living rela-
tives, including the African Rock hyrax (Procavia capensis capensis), East African aardvark
(Orycteropus afer lademanni), and Southern Three-banded armadillo ( Tolypeutes matacus)
[170]. To test the contribution of LIF6 to this derived sensitivity, we designed a set of three

siRNAs that specifically target LIF6 and reduce LIF6 transcript abundance 88% (Figure
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S.3.2). Next, we treated African elephant dermal fibroblasts with DOX or nutlin-3a and
either LIF6 targeting siRNAs or a control siRNA and assayed cell viability, cytotoxicity, and
apoptosis using an ApoTox-Glo assay 24 hours after treatment. Both DOX (Wilcox test,
P=3.33x10-9) and nutlin-3a (Wilcox test, P=3.33x10-9) reduced cell viability 85%, which
was attenuated 5-15% by LIF6 knockdown in DOX (Wilcox test, P=1.33x10-8) or nutlin-3a
(Wilcox test, P=3.33x10-9) treated cells (Figure 3.5A). While neither DOX nor nutlin-3a
induced cytotoxicity (Figure 3.5A), both DOX (4.05-fold, Wilcox test, P=3.33x10-9) and
nutlin-3a (2.64-fold, Wilcox test, P=3.33x10-9) induced apoptosis (Figure 3.5A).

To determine if LIF6 expression was sufficient to induce apoptosis, we transiently trans-
fected a LIF6 expression vector in to African elephant dermal fibroblasts and assayed cell
viability, cytotoxicity, and apoptosis using the ApoTox-Glo assay 24 hours after transfection.
We again found that LIF6 overexpression induced apoptosis in the absence of either DNA
damage by DOX or TP53 activation by nutlin-3a treatment (Wilcox test, P=3.11x10-4), and
augmented apoptosis induced with DOX (Wilcox test, P=0.02). Induction of apoptosis by
LIF6 was almost completely blocked by co-treatment with the irreversible broad-spectrum
caspase inhibitor Z-VAD-FMK (Wilcox test, P=1.55x10-4) but not cyclosporine A (Wilcox
test, P=0.23), which inhibits opening of the opening of the mitochondrial permeability
transition pore (Figure 3.5B and Figure S.3.4). These data suggest that LIF6 contributes
to the enhanced apoptotic response that evolved in the elephant lineage, likely through a

mechanism that induces caspase-dependent apoptosis.

70



3.3.5 Elephant LIF6 induces mitochondrial dysfunction and

caspase-dependent apoptosis
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Figure 3.6: African elephant LIF6 is mitochondrial localized and induces caspase dependent

apoptosis. (Continued on next page)
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Figure 3.6: (Continued from previous page) A) African elephant fibroblasts were transiently
transfected with an expression vector encoding a eGFP tagged LIF6 gene and mitochondria
stained with MitoTracker Red CM-H2XRos. A single representative cell is shown. B) Chinese
hamster ovary (CHO) cells (which do not express LIFR) were transiently transfected with an
expression vector encoding the African elephant LIF6 gene and assayed for the induction of
apoptosis with an ApoTox-Glo assay 24 hours after transfection. Induction of apoptosis by
LIF6 was inhibited by co-treatment with the irreversible broad-spectrum caspase inhibitor
Z-VAD-FMK but not cyclosporine-A (CsA). Treatment of CHO cells with Z-VAD-FMK or
CsA alone reduced apoptosis. N=16, Wilcox test. C) Overexpression of LIF6 in Bax/Bak
double knockout mouse embryonic fibroblasts does not induce apoptosis, not augmented
nutlin-3a induced apoptosis. N=8, Wilcox test. D) Overexpression of LIF6 in CHO cells
induces loss of mitochondrial membrane potential 48 hours after transfection. N=8, Wilcox
test.

To infer the mechanism(s) by which LIF6 contributes to the induction of apoptosis, we first
determined the sub-cellular localization of a LIF6—-——eGFP fusion protein in African elephant
dermal fibroblasts. Unlike LIF-T, which has diffuse cytoplasmic and nuclear localization
[60], LIF6—-——eGFP was located in discrete foci that co-localized with MitoTracker Red CM-
H2XRos stained mitochondria (Figure 3.6A). Mitochondria are critical mediators of cell death,
with distinct pathways and molecular effectors underlying death through either apoptosis
[86, 174] or necrosis [174, 179]. During apoptosis, for example, the Bel-2 family members
Bazx/Bak form large pores in the outer mitochondrial membrane that allow cytochrome c
to be released into the cytosol thereby activating the caspase cascade [86, 174]. In contrast,
during necrosis, Baz/Bak in the outer membrane interact with cyclophilin D (CypD) and the
inner membrane complex leading to the opening of the mitochondrial permeability transition
pore (MPTP), swelling, and eventual rupture [174, 179].

To test if LIF6 induced apoptosis was specific to elephant cells and independent of LIF
receptor (LIFR) mediated signaling, we transiently transfected Chinese hamster ( Cricetulus
griseus) ovary (CHO) cells, which do not express LIFR [131], with the LIF6 expression vector
and assayed the induction of apoptosis with the ApoTox-Glo assay. Overexpression of LIF6
induced apoptosis 5.38-fold (Wilcox test, P=3.33x10-9) 24 hours after transfection, consistent
with a pro-apoptotic function independent of LIFR (Figure 3.6B). Induction of apoptosis by
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LIF6, however, was almost completely blocked by co-treatment with Z-VAD-FMK (Figure
3.6B) but not cyclosporine A (CsA) (Figure 3.6B). To test if LIF'6 induced apoptosis is
dependent upon Bazx and Bak, we overexpressed LIF6 in Bax/Bak knockout mouse embryonic
fibroblasts (MEFs) but did not observe an induction of apoptosis (Wilcox test, P=0.14; Figure
3.6C and Figure S.3.5). In contrast LIF6 overexpression induced apoptosis in wild-type
MEFs (Wilcox test, P=0. 3.10x10-4; Figure 3.6C and Figure S.3.5). During apoptosis,
collapse of the mitochondrial membrane potential (MMP) coincides with the opening of the
mitochondrial transition pores, leading to the release of proapoptotic factors into the cytosol.
Consistent with this mechanism, we found that LIF6 overexpression, treatment with DOX,
or with nutlin-3a induced loss of MMP in CHO cells 48 hours after transfection (Wilcox test,
P=7.40x10-7; Figure 3.6D). Thus LIF6 is sufficient to induce mitochondrial dysfunction and

apoptosis mediated through Baz/Bak and independent of MPTP opening.
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3.3.6  Elephant LIF6 is a refunctionalized pseudogene
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Figure 3.7: LIF6 is a re-functionalized pseudogene. A) Time calibrated Bayesian phylogeny
of Atlantogenatan LIF' genes. The Proboscidean LIF6 clade is highlighted in red, canonical
LIF genes in black, LIF duplicates in grey. The 95% highest posterior density (HPD) of
estimated divergence dates are shown as blue bars. Nodes used to calibrate divergence dates
are shown with black circles. B) Proboscidean LIF6 re-functionalized during the evolution

of large body sizes in the Proboscidean lineage.

We reasoned that most duplicate LIF genes are (likely) pseudogenes because elephant LIF6 is
deeply nested within the duplicate LIF' clade, is the only expressed duplicate, and is the only
duplicate with a T'P53 response element, suggesting elephant LIF6 re-evolved into a functional
gene from a pseudogene ancestor. To test this hypothesis and reconstruct the evolutionary
history of the LIF6 gene in the Proboscideans with greater phylogenetic resolution, we
annotated the LIF6 locus in the genomes of Elephantids including the African Savannah
elephant (Lozodonta africana), African Forest elephant (Lozodonta cyclotis), Asian elephant

(Elephas mazimus), woolly mammoth (Mammuthus primigenius), Columbian mammoth
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(Mammuthus columbi), and straight-tusked elephant (Palaeoloxodon antiquus), as well as
the American Mastodon (Mammut americanum), an extinct Mammutid. We found that the
genomes of each extinct Proboscidean contained a LIF6 gene with coding potential similar
to the African and Asian elephant LIF6 genes as well as the TP53 binding-site, indicating
that LIF6 evolved to be a TP53 target gene in the stem-lineage of Proboscideans.

While functional genes evolve under selective constraints that reduce their dy, /ds (w) ratio
to below one, pseudogenes are generally free of such constraints and experience a relaxation
in the intensity of purifying selection and an elevation in their d,,/ds ratio. Therefore, we
used a random effects branch-site model (RELAX) to test for relaxed selection on duplicate
LIF genes compared to canonical LIF genes. The RELAX method fits a codon model
with three w rate classes to the phylogeny (null model), then tests for relaxed/intensified
selection along lineages by incorporating a selection intensity parameter (K) to the inferred
w values; relaxed selection (both positive and negative) intensity is inferred when K< 1
and increased selection intensity is inferred when K;1. As expected for pseudogenes, LIF
duplicates (other than Proboscidean LIF6 genes) had significant evidence for a relaxation
in the intensity of selection (K=0.36, LRT=42.19, P=8.26x10-11) as did the Proboscidean
LIFG6 stem-lineage (K=0.00, LRT=3.84, P=0.05). In contrast, Proboscidean LIF6 genes
had significant evidence for selection intensification (K=50, LRT=4.46, P=0.03). We also
found that the branch-site unrestricted statistical test for episodic diversification (BUSTED),
which can detect gene-wide (not site-specific) positive selection on at least one site and on at
least one branch, inferred a class of strongly constrained sites in (w=0.00, 23.7%), a class of
moderately constrained sites (w=0.64, 75.85%), and a few sites that may have experienced
positive selection in Proboscidean LIF6 genes (w=10000.00, 0.41%; LRT=48.81, P< 0.001).
These data are consistent with the reacquisition of constraints after refunctionalization.

Finally we inferred a Bayesian time-calibrated phylogeny of Atlantogenatan LIF genes,

including LIF6 from African and Asian elephant, woolly and Columbian mammoth, straight-
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tusked elephant, and American Mastodon, to place upper and lower bounds on when the
Proboscidean LIF6 gene may have refunctionalized (Figure 3.7A). We found that estimated
divergence date of the Proboscideans LIF6 lineage was 59 MYA (95% HPD: 61-57 MYA)
whereas the divergence of Proboscideans was 26 MYA (95% HPD: 23.28 MYA). These data
indicate that the Proboscidean LIF6 gene refunctionalized during the evolutionary origin of
large body sizes in this lineage, although precisely when within this time interval is unclear
(Figure 3.7B). Thus LIF6 was reanimated sometime before the demands of maintaining a
larger body existed in the Proboscidean lineage, suggesting LIF6 is permissive for the origin

of large bodies but is not sufficient.

3.4 Discussion

A comprehensive analyses of genetic changes associated with the resolution of Peto’s paradox
in the elephant lineage has yet to be performed, but candidate gene studies have identified
functional duplicates of the master tumor suppressor T'P53 as well as putative duplicates of
other tumor suppressor genes [1, 20, 170]. Caulin et al, for example, characterized the copy
number of 830 tumor-suppressor genes [65] across 36 mammals and identified 382 putative
duplicates, including five copies of LIF in African elephants, seven in hyrax, and three in
tenrec. Here we show that an incomplete duplication of the LIF gene in the Paenungulate
stem-lineage generated a duplicate missing the proximal promoter and exon 1, generating a
gene with similar structure to the LIF-T isoform [59], which functions as an intra-cellular pro-
apoptotic protein independently from the LIFR-mediated signaling. Additional duplications
of this original duplicate increased LIF copy number in Paenungulates, however, most
LIF duplicates lack regulatory elements, are not expressed in elephant or hyrax fibroblasts
(manatee cells or tissues are unavailable), and, with the exception of elephant LIF6, are likely
pseudogenes.

While we are unable to do the kinds of reverse and forward genetic experiments that
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traditionally establish causal associations between genotypes and phenotypes, we were able
to use primary African elephant and hyrax dermal fibroblasts to functionally characterize
LIF duplicates. We found, for example, that the elephant LIF6 gene is transcribed at
very low levels under basal conditions, but is up-regulated by TP53 in response to DNA
damage. One of the constraints on the refunctionalization of pseudogenes is that they must
evolve new cis-regulatory elements to direct their expression, but random DNA sequences
can evolve into promoters with only a few substitutions suggesting de novo origination of
regulatory elements may be common [189]. There should be strong selection against the
origin of constitutively active enhancers/promoters for pro-apoptotic pseudogenes, however,
because their expression will be toxic. These results imply refunctionalizing LIF' pseudogenes
may impose a potential evolutionary cost. One of the ways to avoid that cost is through the
gain of inducible regulatory elements that appropriately respond to specific stimuli, such as a
TP53 signaling. Indeed our phylogenetic analysis indicates that a T'P53 response element
up-stream of LIF6 evolved before the divergence of mastodons and the modern elephant
lineage, suggesting that LIF6 refunctionalized in the stem-lineage of Proboscideans coincident
with the origin of large body sizes and thus may have been permissive for the large bodies.

The precise mechanisms by which mitochondrial dysfunction leads to apoptosis are
uncertain, however, during early stages of apoptosis the pro-death Bcl-2 family members Bax
and Bak hetero- and homo-oligomerize within the mitochondrial outer membrane leading
to permeabilization (MOMP) and the release of pro-apoptotic protein such as cytochrome
c [86, 85]. In contrast, during necrosis the collapse of the MMP and the opening of the
mitochondrial permeability transition pore (MPTP) leads to mitochondrial swelling, rupture,
and cell death [105]. Our observations that cyclosporine A (CsA) did not inhibit LIF6
induced apoptosis, and that LIF6 overexpression did not induce apoptosis in Bax/Bak null
MEFs suggests that LIF6 functions in a manner analogous to the pro-apoptotic Bel-2 family

members by inducing the opening of the outer mitochondrial membrane pore. Furthermore
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our observation that LIF6 overexpression incudes apoptosis in elephant dermal fibroblasts,
Chinese hamster ovary cells, and mouse embryonic fibroblasts indicates the LIF6 mechanism
of action is neither of cell-type nor species specific. The molecular mechanisms by which

LIF6 induces apoptosis, however, are unclear and the focus of continued studies.
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Figure S.3.1: (Continued from previous page) to the TP53 binding motif (JASPAR MA0106.2),
related to Figure 3.2. A) Alignment of the LIF/, LIF5, and LIF6 TP53 binding sites. Bases
are colored according to identity to LIF6, identical nucleotides are indicated with green
columns above the alignment. A sequence logo is displayed on top. The experimentally
validated TP53 binding motif is aligned on top of the putative LIF/, LIF5, and LIF6 TP53
binding sites. Note 3-4 nucleotide differences between LIF6 and LIFj and LIF5. B) Sequence
logo of the LIF1 intron 1 TP53 binding site from 53 Eutherian mammals. The JASPAR
TP53 motif (MA0106.2) is shown aligned and above a sequence logo of the TP53 motif from
53 mammals. Sequences from each of the 53 mammals is show below, with differences from

the elephant LIF'1 intron 1 TP53 binding site shown in color.
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Figure S.3.2: Efficacy of siRNAs targeting TP53 and LIF6 transcripts, related to Figure
3.4. Fold change in TP53 and LIF6 transcript abundance upon siRNA mediated knockdown
compared to negative control siRNAs. N=4, Wilcox test P=0.028 for TP53 knockdown and
P=0.029 for LIF6 knockdown.
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Figure S.3.3:  ApoTox-Glo results for elephant cells treated with LIF6 and siRNA to

knockdown TP53, related to Figure 3.4E. (Continued on next page)

Figure S.3.3: (Continued from previous page) Apoptosis (A,B), Cytotoxicity (C,D), and
Viability (E,F) rates in African Elephant primary fibroblasts transfected with either scrambled
control siRNA (siCTL) or anti-P53 siRNA (siP53); and with or without LIF6. After 6 hours
of transfection, cells were treated with either 50-uM of Doxorubicin and tested 12 hours
later at 18hr post transfection (A,C,E); or were treated with 25-uM Doxorubicin and tested
18 hours later at 24hr post-transfection (B,D,F). Co-transfecting siCTL with LIF6 results
replicates the previously-seen apoptosis effect at 18 and 24 hours; at 24-hours, knocking down

P53 rescues the apoptosis phenotype.
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Figure S.3.4: ApoTox-Glo results for elephant cells transfected with LIF6, related to Figure

3.5B. (Continued on next page)

Figure S.3.4: (Continued from previous page) Apoptosis (A,B), Cytotoxicity (C,D), and
Viability (E,F) rates in African Elephant primary fibroblasts transfected with LIF6, assayed
the ApoToxGlo Triplex Assay. (A,C,E) Cells were treated 6 hours post-transfection with
either 50-uM Nutlin-3, 20-uM Z-VAD-FMK, 2-uM Cyclosporin A, or 50-uM Doxorubicin, and

were assayed 12 hours later, at 18 hours post-transfection. (B, D, F) Cells were treated as in

A, C, and E, with half-doses of treatments, and tested 18 hours later at 24hr post-transfection.

Apoptosis rates are markedly increased in cells transfected with LIF6 at 24 hours, which is
inhibited by Z-VAD-FMK. Nutlin-3, which disrupts P53-MDM2 binding and thus activates
P53, results in an increase in cytotoxicity, yet a decrease of apoptosis, in LIF6(+) cells

compared to the mock-transfected control and to the PBS-treated LIF6(+) cells.
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Figure S.3.5:  ApoTox-Glo results for mouse embryonic fibroblasts (MEFs) transfected with

LIF6, related to Figure 3.6C. (Continued on next page)

84



Figure S.3.5: (Continued from previous page) Cells were transfected with LIF6 for either
24-hours (A-C) or 48-hours (D-F), and were treated for 18 hours with either Nutlin-3,
Z-VAD-FMK, Cyclosporin A, or Doxorubicin. The Viability (A, D), Cytotoxicity (B, E),
and Apoptosis (C, F) rates in these cells were then measured using the ApoToxGlo Triplex
Assay. Apoptosis rates are elevated for WT-MEF cells transfected with LIF6, but the effect
is ablated when cells are treated with Z-VAD-FMK, a pan-caspase inhibitor; this ablation is
not observed when treating cells with Cyclosporin A, an inhibitor of necrosis, indicating that
the mechanism of LIF6-induced apoptosis is caspase-dependent. Treatment with Nutlin-3 -
which increases P53 activity by disrupting binding between P53-MDM2 - intensifies apoptosis
in LIF6 cells more than it does in untransfected WT-MEFs, suggesting a P53-dependent

mechanism for caspase induction.
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CHAPTER 4
A FULL-LOCUS DUPLICATION OF TP53 ENHANCES THE
STRESS RESPONSE OF THE LITTLE BROWN BAT,
MYOTIS LUCIFUGUS

4.1 Introduction

Bats are an exceptional clade that accounts for 20% of all extant mammalian species. [26] In
addition to being the only volant clade of mammal, bats posess many unique adaptations,
including echolocation and a high basal metabolism. [26, 16, 69, 169]. Bats are also
phenotypically diverse, and come in a variety of sizes and lifespans (Figure 4.1A). For
example, Kitti’s hog-nosed bat (Craseonycteris thonglongyai) is the smallest species of bat,
and weighs a maximum of 2.0 g [66]; on the other hand, the largest bat, the Giant golden-
crowned flying fox (Acerodon jubatus) can weigh over 1 kg [64]. Similarly, the maximum
lifespan of the shortest-lived bat, the Velvety free-tailed bat (Molossus molossus), is 5.6 years
[51], while Brandt’s bat (Myotis brandtii) can live over 41 years. [143] This dramatic diversity
in life history traits is especially interesting given that the common ancestor of bats was only

58.9 MYA, and so occured in a small amount of evolutionary time. [3]

86



>

Max Longevity — log(yrs)

B

15
10
5

100 -
Myotis bra&dtii
Rhinolophus:ferrumequinum ©
30- ©- - Myotis lucifugus © Rousettus aegyptiacus é
Myoti e\@f%o Desmodus rotundus %OEidolon t&glvum pgzem(gusvampyrus
© o® ©
( @ le) — - —
Myotis thyéa%oc(i)e_go _(3 g)'ge_gcus_fuscus— -— - — - OF'terU%us agcto —
| o O -
Myoti@y%rén@'s o” Megaderma lyra — - —
—
10- Glossophaga $oricind® & e
© - - ©
o e
J— -_— © 0 ®
3_
10 100 1000
Adult Weight - log(g)
Tree Max lifespan (yrs) Adult Size (g)

Myoti_s lucifugus

yotis t

M

Myotis evotis

Myotis brandtii
yotis yumanensis

Myotis

Eptesicus fuscus
Miniopterus nataler
D?smost rotundus
Glossop _
Pteronotus parnellii
Pteropus alecto
Pteropus vampyrus
Rousettus aegyptia
Eidolon helvu

Rhinolophus ferrur

0

Rhinolophus sinicus
Hipposid

Megade
100

Family

hysanodes

avidii

aga soricl

eros armig
rma lyra

200 300 O 10 20 30

iy

_
40 0 250 500 750

=== Chiroptera Miniopteridae Pteropodidae

Hipposideridae Mormoopidae === Rhinolophidae

=== Megadermatidae === Phyllostomidae === \/espertilionidae
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One of the constraints on the evolution of long life spans is an increased risk of developing
cancer. Variations in either size or lifespan can affect an individual’s cancer risk. For example,
taller humans and larger dogs have an increased risk of various cancers compared to shorter,
smaller individuals [127, 15]; similarly, older humans and dogs are at higher risk of cancer
incidence than younger individuals [172, 15]. These observations fit the multistage model of
carcinogenesis, which postulates that all cells have an intrinsic risk of becoming cancerous,
and that this risk increases as a function of time. [6, 7, 126]; however the correlations between
size, lifespan, and cancer risk disappear when comparing different species. [1, 141, 126] This
phenomena is known as Peto’s Paradox, and bats appear to be no exception: there are
remarkably few reports of cancer in bats, which combined with their long lifespan, suggests
that overall cancer rates must be low. [4, 128, 13|

The evolutionary history and phylogeny of bats make them a perfect clade for studying
Peto’s Paradox. In order to escape Peto’s Paradox, large and long-lived bats must have
evolved enhanced cancer suppression mechanisms relative to smaller, shorter-lived species.
Some bat families, such as Myotis, have members with similar body sizes, but where a few
individual species have independently evolved much longer lifespans; similarly, we also see
families such as Pteropus where the lifespans of member species is similar, but there is a
great diversity in size (Figure 4.1B). The number of genetic changes involved in increasing
size or lifespan — and the cancer resistance mechanisms that coevolved with them — are likely
minimal due to the short divergence time between these bat species. As such, these represent
ideal clades for studying the genetic causes of Peto’s Paradox.

Figure 4.1: (Continued from previous page) A) The maximum lifespans and adult body sizes
of bat species in HAGR. [173] Species of bats with either published genomes or primary cell
lines are highlighted. The correlation between size and lifespan of mammals is represented by
the black dotted line, while the best-fit line of size and lifespan in bats is shown by the blue
dotted line. B) A time-calibrated phylogeny of selected bat species, with maximum body

sizes and lifespans. Species with primary cell lines are marked with a star, while species with
published genomes are marked with a downwards triangle. [3]
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One possible mechanism for resolving Peto’s Paradox is through the duplication of pre-
existing tumor suppressor genes. Indeed, some tumor suppressor gene duplicates have been
identified - but not functionally validated - in various species of bats. [158] In other large
and long-lived species, tumor suppressor gene duplications have previously been described
and shown to play a functional role in primary cells from these species [170, 180]. Sulak
(2016) [170] demonstrated that the additional copies of TP53 in elephants were playing a
functional role in amplifying their DNA damage response; however, 8 TP53 duplications were
also described in the “microbat”, Myotis lucifugus, which were not present in the “megabat”
Pteropus vampiris. This suggests that additional copies of TP53 may have contributed to the
evolution of augmented cancer resistance and long lifespans in the microbat lineage.

Here, we investigate whether any of these extra copies of TP53 in Myotis lucifugus were
transcribed and played a functional role in their cells. Starting with 15 publically-available
bat genomes, we used a Reciprocal Best-Hit BLAT approach to identify if any additional
copies of TP53 were present in these other genomes, or if all 8 copies were unique to TP53. We
then investigated whether or not these copies were transcribed in these bats using publically
available RNA-seq datasets; we also quantified expression in primary cell lines using RT-qPCR.
Finally, we investigated the functional role of the additional copies of TP53 by comparing
the DNA damage response of cells from various closely related bat species. Here, we describe
and characterize a duplication of the TP53-WRAP53 locus unique to Myotis lucifugus. The

duplicate encodes a fully-functional copy of TP53, which sensitizes their cells to DNA damage.

4.2 Methods

4.2.1 Bat Primary Fibroblasts

All primary bat fibroblasts were kindly provided by William Kohler and Richard Miller. Bat

cell media consists of a high-glucose DMEM base (Gibco 10566-016) supplemented with
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GlutaMax (Gibco 35050-061), 10% FBS (Gibco 26140-079), 1% Sodium pyruvate (Gibco
11360-070), and 1% Pen-Strep (Gibco 15140-122). All bat cells are propagated using the
same protocol; for experiments, cells for each species were passaged in parallel using reagents

from the same lot.

4.2.2  Cell Culture

A plate of cells was rinsed with one volume of DPBS (Gibco 14190-250); cells were then
incubated in 0.25% Trypsin-EDTA (Gibco 25200-072) for 5-7 minutes at 37°C at 5% COa.
After incubation, the cell suspension was transfered to a 15-mL conical tube (Thermo 339650)
with an equal volume of media to stop trypsinization. Cells were then pelleted at 500¢ for
5 minutes, then resuspended in 1 mL media. The concentration of live cells in suspension
was determined using a TC10 Automated Cell Counter (Bio-Rad); the concentration of
cells in suspension was then adjusted to 100 cells/mL by adding additional media. For
propagation, 5x10° cells were plated in a T75 flask (Thermo 156499); for ApoTox Glo and

other experiments, 1x106 cells were plated in a T175 flask (Thermo 159910).

4.2.8  Transfection of Bat Cells

Initial attempts to transfect cells using lipofection resulted in low transfection efficiencies
(data not shown). Cells were transfected using the Amaxa Basic Nucleofector? Kit for
Primary Mammalian Fibroblasts (Lonza VPI1002) and a Nucleofector-2b device (Lonza
AAB-1001). Transfections were done as per the instruction manual using the U-12 program,
1x100 cells, and either 5 ug of DNA or 5 pmol of siRNA. All transfections were done in
duplicate or triplicate. After transfection, replicate transfections were pooled and cells were
plated in T25 flasks; media was exchanged after 12 hours, and cells were harvested 24-48

hours after transfection for further experiments.
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4.2.4  Identification of TP53 Copy Number in 15 Bat Genomes via

Reciprocal Best-Hit BLAT

The Reciprocal Best-Hit BLAT was done locally. The BLAT component programs gfServer
and gfClient, (version 0.351, [90]), the genomes of 15 species of bat (Table 4.1), and the
human genome (hg38, [58]) were downloaded. To prepare the databases for gfServer, the
genomes were soft-masked using available RepeatMasker tracks, and converted into twoBit
files using the UCSC tool faToTwoBit. gfServer was used to host the genomes locally
in memory for searching using the UCSC reccomended settings. To search the genomes,
the protein sequence of human TP53 (Uniprot P04637-1) [24] was used as the initial query
sequence. The genomes were queried using gfClient; the nucleotide sequence corresponding
to the top hit in each species were then used as the query for a second search within each
species. To perform the reciprocal search, all hits of the second search using the native TP53
was used as the query for a search against hg38. Every hit that returned the human TP53

locus as the top reciprocal hit was noted as a copy of TP53.

4.2.5 Treatment and RNA Extraction

All samples were generated in parallel using 6-well plates. For each bat species, 500,000
cells were plated per well and allowed to grow for 24 hours. Cells were then treated for 4
hours with either etoposide (Cayman 12092); paraquat (Sigma 36541); tunicamycin (Cayman
11445); hydrogen peroxide (Sigma); or DMSO as a control. After incubation, the cells were
rinsed once with DPBS, then lysed in-place using 350 pLi of Buffer RLT Plus per well. RNA
was extracted using the RNEasy Plus Mini Kit (Qiagen 74134) by following the standard
protocol. Concentration of RNA was measured using a NanoDrop 2000 spectrophotometer

(Thermo ND-2000).
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4.2.6 RT-qPCR of TP53 response in response to stress

cDNA from all samples was generated using the QuantiTect Reverse Transcription Kit from
Qiagen (Qiagen 205311), including the DNA removal step. Primers specific to either GAPDH,
TP53.1, or TP53.2 were designed using Primer-BLAST, and were validated by sequencing
(Table 4.3). [188] The QuantiTect SYBR Green PCR Kit (Qiagen 204141) was used for all
qPCR reactions. Reactions were run for 100 cycles; TP53-knockdown samples were run for

300 cycles.

4.2.7 Sample Prep, Library Preparation and RNA Sequencing

Cells from Eptesicus fuscus and two individuals of Myotis lucifugus were transfected with
either TP53 siRNA or a scrambled siRNA control in triplicate. Cells were allowed to recover
for 36 hours, and then were replated in 6-well plates. Cells were then treated with for 4
hours with either etoposide (Cayman 12092); paraquat (Sigma 36541); tunicamycin (Cayman
11445); hydrogen peroxide (Sigma); or with control media. RNA was extracted as described,
and then quantified using an Agilent 2100 BioAnalyzer with the RNA 6000 Nano Kit (Agilent
5067-1511). Due to a combination of poor quality and quantity, Peroxide samples and

matching controls were recollected in a second batch.

4.2.8 RNA-seq Analysis

The SRA accession numbers of the RNA-seq datasets used in our analysis are noted in Table
4.2. Reads from each SRA record were mapped to their respective genome using HISAT. [92]
Mapped reads were then assembled into initial putative transcripts using StringTie, and
were merged into a guide GTF file using StringTie --merge. [139]. A final set of transcripts

for each SRA record was made by re-running StringTie using the guide GTF.
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4.2.9 Dual Luciferase Assays for Promoter Activity

The promoter region for both copies of TP53 were identified via Reciprocal Best-Hit BLAT
using the human TP53 promoter as a starting point ([173], HAGRID 0006), followed by nar-
rowing down the region of homology via Reciprocal Best-Hit BLAT between the two promoters.
The final promoters sequences for TP53-1 and TP53-1 are referred to as pTP53-1 and pTP53-2,
respectively. These sequences were synthesized and cloned (GenScript) into the pGL4.14 and
pGL4.26 empty vectors, (EV) creating the following vectors: pGL4.14/EV; pGL4.14/pTP53-1;
pGL4.14/pTP53-2; pGL4.26/EV; pGL4.26/pTP53-1; and pGL4.26/pTP53-2.

For the dual luciferase assay, Myotis lucifugus cells were transfected with 1:10 mixtures of
a Renilla luciferase vector and each of the experimental Firefly luciferase vectors. 24 hours
post-transfection, cells were harvested via trypsinization and replated in two 96-well plates
(Corning 353296) at a density of 5000 cells/well. After a further 24 hours, the media was
aspirated from the plates; half the wells were then filled with media supplemented with 20
uM of either Etoposide or Nutlin, while the other half were filled with DMSO-treated control
media. The plates were incubated for 6 hours, and were then rinsed once with PBS. 100
uL of 1x Passive Lysis Buffer (Promega) was then added to each well, and the plates were
shaken at room temperature for 1 hour. Readings were taken using a 96-well luminometer

with dual-injectors for Renilla and Firefire luciferase reagents (Promega).

4.2.10 Kinetic measurements of Apoptosis and Necrosis Rates

In order to determine the rates of apoptosis for our cell lines, we utilized the RealTime-
Glo assay from Promega. The RealTime-Glo assay uses an Annexin-V-based luciferase
probe to detect early-stage apoptosis in the mitochondria, while simultaneously measuring
cellular permiability using a DNA-sensistive fluorophore. As such, it can detect either early-
stage apoptosis (luminsescence, but no fluorescence), late-stage apoptosis (luminescence and
fluorescence), or necrosis and other cell death pathways (fluorescence, but no luminescence).
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Cells were plated at an initial concentration of 5000 cells per well. 24 hours after plating, the
media in the plate was asperated column-by-column and replaced with 50 pL of appropriate
treatment media, plus 50 pl of freshly-made 2x RealTime Glo Detection Reagent. Plates
were simultaneously incubated at standard conditions and imaged every 15 minutes for 36

hours using a Cytation 5 multi-mode plate reader (BioTek).

4.2.11 Quantification of Viability, Cytotoxicity, and Apoptosis in Response

to Stress using ApoToxGlo

In each assay, 6 cell lines representing either 5 species (with two M. lucifugus individuals),
or 6 individuals of M. lucifugus, were tested at 3 distinct timepoints, with two cell lines
per 96-well plate. Cells were plated at an initial concentration of 5000 cells per well. 24
hours after plating, the media was asperated column-by-column and replaced with 100 uL of
appropriate treatment media. Plates were then assayed using the ApoToxGlo kit (Promega)

in a 96-well luminometer (Promega).
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4.3 Results

4.3.1 Myotis lucifugus has a unique, functional duplication of the TP53

locus
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Figure 4.2: Myotis lucifugus has a unique, second copy of TP53. (Continued on next page)

95



Figure 4.2: (Continued from previous page) A) Copy numbers of TP53 across 15 bat genomes.
Here, the TP53 locus is defined as the TP53 gene with conserved exon-intron structure,
promoter region, and the adjacent WRAP53. B) A cartoon of the TP53 locus in the Megabat
genome, Pteropus vampyris (pteVaml), the M. lucifugus genome (myoluc2), and in the
Hi-C-scaffolded myoLuc2 genome (myoLuc2-HiC). The duplication event occured within the
boundaries of the genes flanking TP53; these flanking genes are not duplicated in the genome,
suggesting that the duplication was only of TP53-WRAP53.

In order to determine the copy number of TP53 throughout Chiroptera, we used BLAT to
search for all possible homologues of TP53 in the published genomes of 15 species of bat: Com-
mon vampire bat (Desmondus rotundus, desRot2), Straw-colored fruit bat (Eidolon helvum,
eidHell), Big brown bat (Eptesicus fuscus, eptFusl), Great roundleaf bat (Hipposideros
armiger, hipArm1), Greater false vampire bat (Megaderma lyra, megLyrl), Natal long-fingered
bat (Miniopterus natalensis, Eckalbar20161), Little brown bat (Myotis lucifugus, myoLuc2),
Davids myotis (Myotis davidii, myoDav1), Black flying fox (Pteropus alecto, pteAlel), Brandts
bat (Myotis brandtii, myoBral), Large flying fox (Pteropus vampiris, pteVaml /pteVam?2),
Parnells mustached bat (Pteronotus parnellii, pteParl), Greater horseshoe bat ( Rhinolophus
ferrumequinum, rhiFerl), Egyptian fruit bat (Rousettus aegyptiacus, rouAeg2), Chinese rufous
horseshoe bat (Rhinolophus sinicus, thiSinl) [116, 135, 37, 40, 103, 190, 158, 137|. Using a
reciprocal best-hit BLAT approach, we validated all forward hits for TP53 in other genomes
by searching the human genome using the putative TP53 hit: a forward hit was identified
as TP5H3 if and only if human TP53 was the top hit of the reciprocal search. The results
of these searches are detailed in Figure 4.2A. While we found that various species of bats
within the superfamily Vespertilionoidea have multiple pseudogene copies of TP53, these
copies are highly degraded and are not expressed in publically available RNA-seq datasets.
Within the genome of M. lucifugus, however, we identified a second, full-length duplicate of
the TP53-WRAPS53 locus. These two loci are found on two separate scaffolds of the draft
myolLuc2.0 genome. In other genomes, the TP53-WRAP53 locus is flanked by the genes

ATP1B2 and EFNB3 on the 5’ and 3’ ends, respectively. In the myoLuc2 genome, the copy
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of TP53 on scaffold GL431196 (TP53.1) is flanked by ATP1B2 at the 5’ end, and the end
of the scaffold at the 3’ end; the other copy lies at the start of scaffold GL430187, and has
EFNB3 on its 3’ end (Figure 4.2B). This suggests that the two copies of TP53 originated
via a syntenic duplication event between the two flanking genes. Confirming this suspicion,
in a Hi-C scaffolded version of the myoLuc2 genome that was recently generated, we see that

the two copies are indeed syntenic and located back-to-back as shown in Figure 4.2B. [39]
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Figure 4.3: The two full-length copies of TP53 in Myotis lucifugus are expressed and driven

by functional promoters. (Continued on next page)

To see if any of the additional copies of TP53 were expressed in any species, we assembled
de novo transcriptomes from public RNA-seq datasets for each species using the “Tuxedo”
suite of RNA-seq tools, including HISAT2 and StringTie [92, 139, 138]. Of all 7 copies

of TP53 in M. lucifugus, only the two full-length copies, TP53.1 and TP53.2, showed any
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Figure 4.3: (Continued from previous page) A) Transcripts per Million (TPM) abundances of
transcripts uniquely mapping to either TP53.1 or TP53.2. No transcripts were mapped to any
of the TP53 pseudogenes. B) RT-qPCR of the primary Myotis lucifugus cell line, myoLucO,
showing expression of TP53.1 and TP53.2 in untreated cells. C) The two promoters show
strong activity in a dual luciferase assay. Values are normalized to co-transfected Renilla
luciferase and to the empty vector controls. Expression remains high even after treatment
with either Doxorubicin (DNA damage) or Paraquat (mitochondrial oxidative stress).
evidence of transcriptional activity (Figure 4.3A); none of the other copies in the myoLuc2
genome showed any transcriptional activty. Similarly, for all other bat species, only the
canonical copy of TP53 showed evidence of transcription, suggesting that none of the TP53
pseudogenes identified in Chiroptera are functional. We additionally confirmed that TP53.1
and TP53.2 are expressed in one of our primary cell lines from Myotis lucifugus, myoLucO*
(Figure 4.3B).

As both TP53.1 and TP53.2 have preserved the TP53 promotor site, we hypothesized
that the regulatory activity at these sites may be driving expression of both transcripts. The
two promoter regions contain binding sites for TATA-Binding Protein, NFkB, and TP53
according to JASPAR and CONSITE [Supplementary Methods 91, 153]. To test whether
either of the two promoter sequences have in vitro promoter or enhancer function, we cloned
the two promoter sequences into two vectors, pGL4.14 and pGL4.26. Each vector has a firefly
luciferase. In pGL4.14, expression of the luciferase is dependant on the promoter potential of
the inserted DNA, while pGL4.26 has a minimal promoter, and therefore tests if the DNA
has enhancer activity. As shown in Figure 4.3C, both promoters have exceedingly high
promoter and enhancer activity, with 100-fold increases in luciferase expression relative to
their respective empty vectors.

The activity of the promoters was not significantly influenced by the addition of either
Doxorubicin (a DNA damaging agent), or Paraquat (which induces oxidative stress). While

unexpected, this may have been due to the exceedingly high levels of activity of these two

promoters, or due to a lack of turnover of the luciferase at the protein level. Nonetheless, the
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results demonstrate that both copies of TP53 are expressed, both in the whole-organism and
in primary cell culture; and that they possess functional promoter sequences that drive their

expression.

4.3.2  Myotis lucifugus is more sensitive to various sources of stress than

other bat species

25 uM 25 uM

Time (h) Time (h)

Cell Line = eptFus |E| myoEvo |E| myoLuc |E| myoThy |E| myoYum

Figure 4.4: Kinetic rates of apoptosis from DNA damage (Etoposide, A), oxidative stress
(Paraquat, B; Hydrogen Peroxide, C), and unfolded protein response (Tunicamycin, D) were
assessed in 5 different bat species. The kinetics of apoptosis in response to each treament

was measured over 36 hours.

100



One possible outcome of having multiple copies of TP53 is an increased sensitivity to external
sources of stress. In order to quantify the stress response of Myotis lucifugus, we obtained
primary skin fibroblasts derived from 11 individuals, and tested their sensitivity to various
sources of stress compared to 5 other closely related bat species: Myotis evotis, Myotis
thysanodes, Myotis yumanensis, and Eptesicus fuscus. We treated these cells with various
doses of Etoposide (DNA double-strand breaks); Hydrogen Peroxide (general oxidative stress);
Paraquat (mitochrondrial-specific oxidative stress); and Tunicamycin (unfolded protein
response). We then assayed both the kinetics and the dynamic range of apoptosis, necrosis, or
cell cycle arrest in these cells using two assays: the RealTime-Glo assay, and the ApoTox-Glo
assay. We hypothesized that M. lucifugus, with its multiple copies of TP53, would either
react faster TP53-depended forms of stress; or react to the stressors with either increased
magintude of response, or a different approach to resolving the stress.

The kinetics of apoptosis, as measured using the RealTime-Glo assay in Figures 4, do not
vary between species, although the magnitude of the shift does differ slightly, and are similar
between species. 6 hours after treatment with either Etoposide or Paraquat, we see a sharp
increase in the amount of DNA damage in the cells of various bat species. At the doses of
Etoposide and Paraquat where we see the greatest differences in the apoptosis rates between
the different species, we do not see any differences in the amount of DNA damage between
the species. This suggests that the cause of cellular death between the difference species is
not the damage itself, but rather how the cells respond to it. Further supporting this idea is
the observation that both TP53.1 and TP53.2 increase in expression at the same timepoint

during treatment (Figure 4.2B).
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Figure 4.5: Dose-response curves for cell viability, cytotoxicity, and apoptosis from DNA
damage (Etoposide, A), oxidative stress (Paraquat, B; Hydrogen Peroxide, C), and unfolded
protein response (Tunicamycin, D) were assessed in 5 different bat species. Measurements
were taken at 24 hours for all stresses, except for Paraquat (B), which was measured after 48

hours.
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In order to test the hypothesis that Myotis lucifugus experiences a distinct stress response
pattern than its sister species, we used the ApoTox Glo assay to quantify dose-dependent
levels of viability, cytotoxicity, and cell death in response to our 4 stressors (Figure 4.5).
At low doses of Etoposide (< 10uM) (Figure 4.5A), Myotis lucifugus - unlike other Myotis
species - does not have a significant reaction in terms of apoptosis, and only shows a slight
increase in cell cycle arrest (signfied by an elevated viability and cytotoxicity). However, the
increase in cytotoxicity is less than the other Myotis species, suggesting that other species
are experiencing great non-apoptotic cell death than M. lucifugus. Similarly, in response
to Hydrogen Peroxide (Figure 4.5C), we see that Myotis lucifugus has a flat signal across
the dosage range, with only cell cycle arrest signals apparent. Myotis lucifugus is more
sensitive to Paraquat treatment (Figure 4.5B) compared to other species, except for Myotis
evotis. Unlike Hydrogen Peroxide, paraquat is oxidized in the mitochrondria, and induces
mitochondrial-origin redox stress; as such, the difference between the two suggests that while
Muyotis lucifugus is more readily able to respond to cytosolic redox stress and oxidative
DNA/RNA damage than other species, within the mitochondria, it is more prone to the
induction of apoptosis. Together, these results suggest that Myotis lucifugus has higher

tolerance to stress than other bat species.

4.4 Discussion

The resistance of bats to various forms of stress has long been a focus of the literature
(84, 144, 29, 152, 45, 16]. Due to the high metabolic demands of flight, bats are near-constantly
subjected to conditions of temperature and oxidative stress that would be dangerous to other
organisms. As such, many of these studies focused on comparisons to land-dwelling mammals;
however, fewer studies have been performed to compare and characterize the stress tolerance
between bat species, let alone closely-related ones.

With the advent of next-gen sequencing technologies came various studies looking at how
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genetic variation between bats, and how signatures of positive selection were enriched near
longevity-associated genes in long-lived bats; indeed, TP53 had previously been identified
as a gene undergoing recent positive selection in long-lived bats. [158] Additionally, some
studies had previously identified putative gene duplications in long-lived bats such as Myotis
lucifugus [158].

With the comprehensive inter-species stress tolerance comparisons in this study, we
have shown that Myotis lucifugus has a unique pattern of stress tolerance consistent with
its increased longevity, and one where its duplication of TP53 may play a functional role.
Lamentably, there were various problems in optimizing the knockdown via siRNA of TP53
in cells of Myotis lucifugus, and due to the extenuating circumstances created by the global
COVID-19 pandemic, further work must be postponed. However, given the work that has been
done in mice regarding TP53, we can hypothesize what the consequences of this duplication
may be on the stress response patterns in Myotis lucifugus, and what the consequences of a
knockdown would be.

While the possibility of performing in vivo studies of TP53 in M. lucifugus are remote due
to various logistical and ethical concerns, we can draw on insights from previous work in mice.
Initial generations of “super-TP53” mice were made by stably transfecting mice embryos
with vectors overexpressing TP53; these mice, although tumor resistant, also suffered from
premature aging due to chronic overactivation of TP53. This chronic overactivation of TP53
would lead to elevated rates of cell death and senescence, which would take their toll on the
mice’s health [178]. However, later generations of “super-P53” mice were made with BACs
containing the 130 kb TP53-WRAP53 neighborhood. [52] These mice possessed the same
tumor resistance phenotype, and enhanced levels of senescence and apoptosis in response to
ionizing radiation - however, the mice were otherwise indistinguishable from healthy, normal
mice, and no longer suffered from progeria. The presence of endogenous cis regulators in

the BAC were likely responsible for keeping TP53 expression in check outside of moments of
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acute stress. In light of these mouse models, we can expect that the TP53 duplication in
Muyotis lucifugus would reflect the latter model - and in fact, the stress response patterns
that we have observed in this study strongly correlate with the increased-damage surveillance
of the Garcia-Cao Super-P53 mice. As such, one would expect that a knockdown of TP53
in the Little Brown Bat would result in a decrease in apoptosis and senescence in response
to DNA damage and oxidative stress, respectively, bringing these down to the value of the
outgroup species.

Not only have the two copies of the TP53-WRAP53 loci conserved the same levels of
regulatory activity as measured by dual luciferase output, but because they represent a
syntenic duplication in the same topologically-associated domain. This would allow cells to
not only conserve the cis regulation of both copies, but also enable a conservation of trans
regulation in the 3D space of the genome. The existance of a natural example of a “super-P53”
mammal opens up many such questions about the evolutionary cost and adaptations that
come with such a development, such as whether there are negative pleitropic effects of this
arrangement, and if there have been other compensatory genetic changes to accomodate this
arrangement, such as the duplication or upregulation of additional TP53 regulatory proteins.
Additionally, as WRAP53 is known to regulate TP53 expression at both the transcriptional
and translational levels, more work must be done to determine what are the functional

consequences of having an additional copy of WRAP53 in the genome.

105



4.5 TABLES

Table 4.1: Bat genomes used in this study.

Genome Common Name Species Ref
desRot2 Common vampire bat  Desmondus rotundus 116
eidHell Straw-colored fruit bat Eidolon helvum 135
eptFusl Big brown bat Eptesicus fuscus Broad
Institute
hipArm1 Great roundleaf bat Hipposideros armiger 37
megLyrl Greater false vampire = Megaderma lyra 135
bat
minNat1 Natal long-fingered bat Miniopterus natalensis 40
myoLuc2 Little brown bat Myotis lucifugus 103
myoDav1 Davids myotis Myotis davidii 190
pteAlel Black flying fox Pteropus alecto 190
myoBral Brandts bat Myotis brandtii 158
pteVaml, Large flying fox Pteropus vampiris 103
pteVam2
pteParl Parnells mustached bat Pteronotus parnellii 135
rhiFerl Greater horseshoe bat  Rhinolophus 135
ferrumequinum
rouAeg?2 Egyptian fruit bat Rousettus aegyptiacus 137
rhiSin1 Chinese rufous Rhinolophus sinicus 37

horseshoe bat
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Table 4.2: Myotis lucifugus SRAs used in this study.

Run Sex Tissue Library Selection Type Size (MB)
SRR1270869 unknown Ear RANDOM PAIRED 1173
SRR1270919 unknown Ear RANDOM PAIRED 1540
SRR1270921 unknown Ear RANDOM PAIRED 1610
SRR1270922 unknown Ear RANDOM PAIRED 1532
SRR1270923 unknown Ear RANDOM PAIRED 1680
SRR1916841 Female Wing Poly A PAIRED 1565
SRR1869462 Male Wing Poly A PAIRED 1822
SRR1916834 Female Wing Poly A PAIRED 1615
SRR1916836 Female Wing PolyA PAIRED 1655
SRR1916839 Male Wing Poly A PAIRED 1629
SRR5676383 Male Wing cDNA PAIRED 13345
SRR5676382 Male Wing cDNA PAIRED 9648
SRR1013468 Male unknown PCR PAIRED 2510
SRR4249979 unknown Skin Fibroblast c¢DNA PAIRED 1173
SRR4249988 unknown Skin Fibroblast c¢DNA PAIRED 1358
Table 4.3: Primer sequences used in this study.
ID Target Sequence

myoLuc2TP53.1-F1
myoLuc2TP53.1-R1

myoLuc2TP53.2-F2.1
myoLuc2TP53.2-R2.1

myoLuc2 GAPDH-F

myoLuc2_ GAPDH-R

TP53.1 GGGAAGGGACAGAGGATGAC
TP53.1 TGACAATGATCTGAATCCTGAGG
TP53.2 CAAAGAAGCCAGCGATGAA
TP53.2 AAAGGTGCCGGTATTTTGCT
GAPDH TGACCCCTTCATTGACCTCAAC

GAPDH TGACTGTGCCCTTGAACTTG
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CHAPTER 5
DISCUSSION & CONCLUSION

While the biology underlying the relationship between cancer, body size, and lifespan within
species has been known since the 1950‘s, the mechanisms that disentangle these correlations
between species are much less understood [7, 6, 140, 61, 62, 125, 177, 20, 9]. In order to
understand Peto”s Paradox, as well as the evolution of longevity and body size, many
groups have looked phenotypically in vivo and in vitro for traits, such as stress response,
which are associated with longevity and body size across species [10, 55, 160, 63]. More
recently, with the advent of genomic era, various groups have also begun to explore the
genetic differences between long- and short-lived species from evolutionary and candidate gene
perspectives [190, 158, 135, 40, 116, 44, 93, 43, 100, 54, 192, 89]. This work has examined
an underappreciated angle by which Peto’s Paradox can be resolved, which is through the
duplication of tumor suppressor genes.

7

I have shown how long-lived species have duplicate many genes ” including tumor

)

suppresors 7 along their lineage (Chapter 2), and have demonstrated that many of these
duplicate genes, such as LIF (Chapter 3) and TP53 (Chapter 4), have retained or regained
their function as non-canonical and canonical tumor suppressors in cellula using functional
genomics and primary cell cultures from the species in question. Given the number of genes
identified, a full functional characterization of each one would be beyond the efforts of a
single thesis; however, the filtering criteria and the expression of these duplicate genes in
vivo suggest that they are conserved and functional, at either the RNA or protein level, and
thus may be contributing to the resolution of Peto’s Paradox in their host species.

Among the most interesting results from Chapter 2 was the discovery that tumor sup-
pressor genes are frequently duplicated, and that these duplications occurred throughout

Atlantogenata. This tracks with other studies observing that genes duplicate readily at a rate

of 1% per gene per million years [106]. As such, it is possible that the observation that tumor
108



suppressor duplications precede body size increases represents more than a casual coincidence.
However, given the limited number of genomes I have, relative to the large number of species
that exist currently in this clade, I lack the power to confidently determine if body size and
tumor suppression count is likely causal, rather than suggestively coincidental.

The results from Chapters 3 and 4 demonstrate in vitro the functional impact of the
duplicates I identified in Chapter 2, and demonstrate how they likely act to suppress cancer
risk of large, long lived species in vivo. In the case of LIF6, a pseudogene which duplicated
in the common ancestors of elephants and manatees is resurrected by the evolution of a
novel TP53 binding site upstream, and kills cells upon expression. This likely acts in concert
with the other TP53-related duplications I identified in Chapter 1 to remove damaged
cells in response to stress, thus conserving a living pool of undamaged cells that are likely
non-cancerous. Meanwhile, the unique apoptotic and senescence response of cells from the
Little Brown Bat, Myotis lucifugus, is consistent with the predicted effects having a second,
full-length copy of the TP53 locus, which enables enhanced cell damage detection without
premature aging in similar mouse models. While it appears that the specific genes that
undergo duplication in each species are private, overall I showed that genes in similar tumor
suppressor pathways are duplicated in large, long-lived species, which supports the thesis

that gene duplication has provided an indispensable mechanism for resolving Peto’s Paradox.

5.1 Limitations of approaches & impact on outcomes

In addition to the chapter-specific caveats that are discussed at length in each section, there
are larger methodological and biological factors that frame these results. My studies, by
focusing solely on protein-coding genes, only encompass a small fraction of a much greater
fraction of the genome. Outside the domain of protein-coding genes, there is a world of
“known-unknowns” in the genome that, while well-explored in model organisms of aging,

remain woefully understudied in other long-lived species. And beyond the nucleotides of the
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genome, there are layers upon layers of biology where more mechanisms underlying Peto’s
Paradox may hide.

Relationship between in vitro and in vivo effects of tumor suppressor genes

By using primary cell cultures to validate tumor suppressor duplicates in vitro rather
than in vivo, there is always the threat of overlooking or overexaggerating the real biology
that occurs within an organisms. Primary cell culture models are preferred over immortalized
cell culture samples, as these cells have undergone various cytological and genetic changes,
and may no longer reflect the original biology of the donor organism after so much time.
However, even the youngest primary tissue samples will lack their original environmental
context when removed from the donor. Decades of oncological work have demonstrated the
impact that tumor environment plays on cancer cells, which can either restrict and limit the
proliferation of cancer cells, or even promote their growth and metastasis [61, 62]. As such,
it is difficult to ascertain any non-cell-autonomous cancer suppression mechanisms using a
two-dimensional monoculture of primary cells from one or more individuals.

A strength of my in vitro study designs relative to prior studies is the use of closely-related
species to address my questions in a phylogenetically-sound manner. Other comparative
studies comparing cellular responses to stress frequently compare single representatives
from each major class in Futheria, which provides a very low resolution for studying the
true association between traits such as cell stress, and the evolution of longevity and body
size [10, 63, 84, 107]. There are a few studies comparing cancer resistance mechanisms
at the transcriptomic level in vivo; however, these studies not only suffer from the same
aforementioned evolutionary challenges in their design, but also from additional environmental
and technical confounding factors due to their use third-party-generated data generated at
different times and locations [109, 50]. True in vivo functional assays of tumor suppressors
as described in this work in endangered and threatened species such as elephants and bats

would not only be deeply unethical, but technically intractable.
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Obviously, in vivo studies of tumor suppressor genes in species such as elephants, whales,
and bats, are not possible, however, many aspects of cancer are cellular phenomena thus
I can explore the biology of cancer using robust in vitro primary cell culture system that
accounts for not only inter-individual variation, but also for tissue type and other technical
batch effects. This depends greatly on one“s ability to find willing collaborators and ethical
sources for fresh, primary tissue. For my work on Elephants (Chapter 3), I was forced to use
an increased number of sample-level replicates in order to compensate for a lack of multiple
individuals; however, for my work in Chapter 4 with the Little brown bat Muyotis lucifugus, 1
was able to obtain samples from multiple individuals, and thus correct for inter-individual
variability when looking at their stress response. However, due to the logistical and ethical
challenges in collecting tissue samples, the cells used in this work are all skin fibroblasts; there
is active debate in the literature as to whether or not these cells are the most relevant cell
type for stress response and cancer resistance studies. For the purposes of this work, however,
so long as the cell types and tissues of origin from each species are properly matched, any
cell line that regularly exhibits neoplasia in the population that express the genes of interest
would be suitable. As skin is the largest organ system in any mammal, and it”s neoplasia
and carcinomas has one of the strongest correlations to body size of any tissue in humans
[127, 56], I also find that it is especially relevant to my current question.

Exclusion of non-protein-coding genetic elements and their impact on Peto’s
Paradox

In my design, I intentionally and explicitly limit my initial search in Chapter 1 ” and
thus throughout this work - to only protein-coding genes. As such, the role of the noncoding
genome on Peto“s Paradox has yet to be discussed, including gene regulatory elements
and non-coding RNAs (ncRNAs). While I do explore changes in the regulatory landscape
surrounding both LIF6 (Chapter 3) and TP53 (Chapter 4), I do not explore more expansively

how sequence and coding conservation associates with longevity, body size, and other traits
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relevant to Peto”’s Paradox, as these are already adequately discussed in the literature[190,
158, 135, 40, 116, 44, 93, 43, 100, 54, 192, 89, 94]. On the other hand, ncRNAs are grossly
understudied in the context of Peto’s Paradox, likely due to costs of sequencing and the poor
quality of many non-model-organism genomes. Nonetheless, at least one study has shown
that siRNAs expressed in the blood of a long-lived species of bat likely regulate genes in
oncogenic pathways such as inflammation [74].

The definition of “Tumor Suppressor” and polygenic effects in cancer re-
sistance

While my study presupposes the existence and categorization of genes into three basic
categories - tumor suppressor (anti-oncogenic), oncogenic, and other - the lines between
these categories are frequently blurred and unclear. Many genes, such as APOBEC3B
[182, @ Hashemi2018], AMPK [101], and p63 [117], are either a tumor suppressor or an
oncogene depending on the context of their expression, the mutations they acquire, and
even based on the stage of cancer where they become dysfunctional. It is theoretically
possible that by duplicating these genes, the anti-oncogenic and the pro-oncogenic functions
of these genes could be split between the two copies in an instance of sub-functionalization
[167, 48, 147, 146]; or that redundant copies of tumor suppressors could abrogate any oncogenic
effects of mutations in other copies [124, 32, 110, 23, 191].

Furthermore, our knowledge of how genes and gene networks contribute to cancer risk is
still in its infancy, and it is possible that of the duplicated genes that I identified, many of
them do play critical roles in suppressing cancer in large, long lived species, but that this
biological function of theirs was overlooked or unknown. As large-scale genomics studies of
cancer have become more cost-effective and computationally feasible, more and more data
has come out showing the incredible genetic diversity within tumors. Endeavors such as the
Catalogue of Somatic Mutations in Cancer (COSMIC) Cancer Gene Census [164] and the

Cancer Genome Atlas [19] have begun to tease apart which genes and mutations are either
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causal to or casualties from cancer. However, other analyses have shown that networks of
mutations, rather than individual gene drivers, can also lead to dysregulation and oncogenesis
in cells [78, 72, 28]. A systems biology approach to Peto’s Paradox, where knowledge of
the networks of cancer suppressing and cancer promoting pathways is leveraged to identify
genes and regulatory elements that have evolved in large, long-lived species, is a tantalizing
prospect; while this thesis lays some of the groundwork towards such a project, there is still
much work to be done in establishing basic biology and genomic tools in these species before
the question can be pursued.

Terra incognita of Peto’s Paradox: epigenetic contributions to cancer resis-
tance

Beyond the realm of genetic sequences and gene expression, there are many other ways that
evolution can optimize cancer resistance and thus resolve Peto’s Paradox. Of these, genomic
stability has shown to be tightly associated with cancer risk, both within model organisms, as
well as in large, long-lived species such as the Naked Mole Rat. [142, 93, 114, 168]. Among
the genes that I identified in Chapter 1 as duplicated, I did find some genes that are involved
in chromosome reorganization; additionally, there are other large, long-lived animals such as
the Bowhead Whale which have duplications of proteins like the histone deacetylase SIRT7
[89]. While I did not find a significant enrichment of genes involved in these pathways, it is
possible a small number of duplicated genes here play an outsized role, or that other forms of
evolutionary adaptation in these processes are involved in mediating Peto’s Paradox through
genomic stability.

While it is clear that large, long-lived species must resolve their cancer risk during evolution
in order to achieve their large sizes and lifespans, there are many ways that this can occur.
In this work, I establish that gene duplication may contribute significantly to the ablation of
cancer risk during the evolution of longevity and body size. In Atlantogenata, as body sizes

expand, so do the copy numbers of tumor suppressor genes, suggesting that the two events
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are tightly intertwined. In extant elephants, these tumor suppressors remain functional,
and as such, are likely still functional, including a series of duplications both upstream and
downstream of TP53, which was already known to be duplicated. I then characterized an
unexpected, resurrected retrogene of LIF, called LIF6, which induces apoptosis in elephant
cells in response to stress. And finally, I describe a syntenic TP53 duplication in the Little
Brown Bat Myotis lucifugus which has preserved both regulatory potential and expression
patterns similar to the canonical copy; the stress profile of the Little Brown Bat relative to
other bat species matches what one would expect given what is known about a TP53 locus
duplication in mouse models, but a causal role has yet to be established in vitro. While gene
duplication alone cannot fully explain how large, long-lived species overcome their increased
cancer risk, it does represent a major contributor to the mosaic of mechanisms at play in

resolving Peto’s Paradox.
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