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Abstract

The evolutionary dynamics of endogenous retroviruses—Patrick Gemmell, St.
Hilda’s College, University of Oxford—D.Phil. thesis, Trinity 2015.

This thesis studies the evolution, influence, and proliferation of endogenous
retroviruses (ERVs) within animal genomes. First, a simple mathematical model is
constructed to address the question of whether retroviral endogenizations occur most
often in male or female hosts. The result of applying the model to a diversity of
genomes suggests that there may be female risk factors to endogenization, or that
selection may be acting on full-length ERVs. Second, a study of the divergence of or-
thologous full-length ERVs from human and chimpanzee is performed. It is found
that highly transcribed members of the HERV-H family have been under directional
selection in the last six million years. Third, the insertion and deletion activity of the
largest ERV families in five primate species is studied. Using a phylogenetic model
it is demonstrated that ERVs are likely to be deleted early if they are to be deleted at
all. Notably, it is also shown that HERV-H is an outlier family that is unusually slowly
deleted. Fourth, the HERV-H loci in the human genome are studied on an individ-
ual basis. It is found that the long terminal repeats of HERV-H affect the magnitude
and specificity of its transcription. Surprisingly, a region of the retroviral gag gene is
positively associated with transcription and it is argued that this association is a par-
tial explanation for the preferential maintenance of HERV-H in a full-length form. In
conclusion, it is argued that researchers should take seriously the notion that many
ERVs have not drifted to fixation. It is also argued that taking account of solo-LTR for-
mation is important to accurately assessing the historical activity of ERVs. Finally, it is
hypothesised that the application of bioinformatics techniques like those developed in
this thesis may be sufficient to identify exaptation events in species quite distant from
the primates that are studied here.
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Chapter 1

Introduction, thesis structure, and
background

1.1 Introduction

This thesis is made up of four data chapters, each in the format of a paper. The work is
presented in chronological order, and the first two chapters have now been published
(Gemmell et al., 2013, 2015). Despite the chronological presentation each chapter is
self-contained and so the research can be read in any order. In each project an effort
has been made to apply bioinformatics techniques to real genomes and therefore my
conclusions always have a degree of empirical support.

The main theme of each chapter is the behaviour of endogenous retroviruses
within animal genomes. How do they arrive and how are they destroyed? How do
they evolve after fixation? When and how quickly are they deleted? What features
define the most highly transcribed members of a co-opted family?

In the remainder of this chapter I will first provide a summary of the research
questions underlying chapters 2-5. I will then provide some general background that
turther contextualizes my research.

As indicated above, the themes of invasion, control and co-option are impor-
tant. These themes are part of a broader research program into selfish DNA, the popu-
lation genetics of transposable elements and viral co-option by hosts. Each theme will

be introduced before the start of Chapter 2.



1.2 Thesis structure

Chapter 2

In Chapter 2 there are two main questions of interest. First, do retroviral endogeniza-
tions tend to occur more frequently in male than female hosts? Second, can we see a
strong link between meiotic recombination rates and endogenous retroviral deletion?

These questions are addressed by developing a simple mathematical model re-
lating meiotic recombination rates, insertion rates, and deletion rates. There will be
one parameter in the model, male bias. The remaining interactions are specified us-
ing assumptions based on the biological differences between the autosomes and the
allosomes.

The male bias parameter will be estimated using 18 animal genomes. Some-
what surprisingly we will find that there does not seem to be a universal male bias
in the origin of endogenous retrovirus insertions. I argue this may be due to the pla-
cental affinity of endogenous retroviruses. We will also see an excess of full-length
endogenous retroviruses on the X chromosome which I suggest may be due to failing
to account for selection or the timescale of deletion.

Since one of the conclusions of Chapter 2 will be that a blanket assumption
of neutrality might be inappropriate when explaining the distribution of endogenous
retroviruses it is natural to address selection in Chapter 3. The dynamics of deletion

are comprehensively studied in Chapter 4.

Chapter 3

Chapter 3, the second data chapter in this thesis, asks one question only: is there
evidence that full-length endogenous retroviruses have been evolving unusually since
the divergence of the human and the chimpanzee?

This question will be addressed by considering the relative nucleotide diver-



gence of full-length endogenous retroviruses when compared to neighbouring selfish
DNA. We will see that some endogenous retroviruses, those from the HERV-H family,
have been diverging faster than expected. I will argue that this result suggests that
HERV-H has been under under directional selection. This argument will be supported
by the fact that divergence is significantly correlated with the transcription of the en-
dogenous retroviruses in question. By assuming that selfish DNA evolves neutrally I
will obtain coefficients that quantify the magnitude of this selection.

During the course of my D.Phil. exciting findings about the HERV-H family
of retroviruses have helped make sense of my own results. Chapter 5 in particular
will investigate some of the features of this unusual family of primate endogenous

retroviruses.

Chapter 4

The third research project in this thesis is described in Chapter 4. This chapter adresses
the question of whether endogenous retroviruses “die young.” This rather odd sound-
ing notion refers to the hypothesis that the deletion of viruses is an age dependent
process rather than a constant one, as has often been assumed in the literature, my
own Chapter 2 included.

To study deletion dynamics a methodological framework is required. Chap-
ter 4 characterizes the insertion and deletion activity of many families of endogenous
retroviruses using a maximum likelihood phylogenetic approach. By comparing the
tit of hazard functions to data derived from multiple genome alignments of six pri-
mate species I will show that deletion is something that happens early in the lifetime
of an endogenous retrovirus.

Within Chapter 4 we will also see that the HERV-H family is again found to
be unusual among primate endogenous retroviruses. This is because members of the
HERV-H family tend to be strikingly less likely to be deleted at any given age when

compared with the members of other endogenous retroviral families.



Chapter 5

The final data chapter in this thesis is Chapter 5. Having shown that HERV-H has
unusual evolutionary dynamics in the sense that it is deleted slowly (Chapter 4) and
that highly transcribed loci evolve quickly (Chapter 3), this final chapter asks what we
can learn about highly transcribed HERV-H in the human genome. Specifically, I ask
what is the genomic structure of a highly transcribed HERV-H locus?

In Chapter 5 I will characterize the majority of HERV-H loci in the human
genome with reference to a consensus sequence. By considering the regions of the
consensus present at each locus, as well as some other genomic features, I will make
observations on the specificity and magnitude of HERV-H transcription. We will see
that the youngest HERV-H are the most highly transcribed and least intact loci exam-
ined. However, we will also see that the presence of a more complete LTR is associated
with transcription, and that a subset of older loci with a particular repeat structure are
especially active in embryonic cells.

A particularly surprising result of Chapter 5 will be a positive correlation be-
tween part of the HERV-H gag gene and transcription. I will argue that this region
enhances the ability of a host to effectively silence a HERV-H, and that this ability is
a definite advantage with respect to HERV-H co-option by a host. This finding goes
some way to explaining the results of Chapter 4 because it suggests that the internal
region of HERV-H is of some use to the host and therefore perhaps one reason why

HERV-H is so slowly deleted.

1.3 Background

The subject of this thesis is endogenous retroviruses (ERVs). Much of what has been
written about transposable elements (TEs) applies to ERVs and it is therefore appro-
priate to introduce TEs in general and then ERVs in particular. We will see that TEs

can be thought of as selfish DNA that expand the genome. Much has been discovered



about the control and interaction of TEs and so a portion of this research will be intro-
duced below. Towards the end of this introduction we will also see that ERVs have a
positive side, and that some ERVs now act as genes or regulatory elements for their
hosts. The true extent of the upside to ERVs is at present unknown.

In general, a large proportion of many eukaryotic genomes is made up of se-
quences of DNA known as TEs. TEs were discovered by Barbara McClintock who was
later awarded the Nobel Prize for her work. As TEs are sequences that can move from
one location to another within a genome they are sometimes referred to as “jumping
genes” or mobile DNA. McClintock originally hypothesised that TEs were “control-
ling elements” that were crucial to cellular differentiation, though her particular hy-
pothesis is now known to be incorrect.

TEs are currently categorized as belonging to one of two groups: class I or class
IT (Brown, 2006). Class II TEs use a conservative “cut and paste” mechanism and their
intermediate form when moving between two genomic loci is DNA. Class I TEs use
a replicative “copy and paste” mechanism and are actually transcribed into RNA via
the usual host enzymes. This RNA can be reverse transcribed by the reverse transcrip-
tase enzyme (RT) and the DNA that results can be reintegrated into the genome by
enzymes referred to as integrases (Thain et al., 2004). Clearly, if a TE can copy and
paste itself then it can proliferate within a genome; however, cut and paste TEs can
also increase in number if they excise from DNA that has been replicated and inte-
grate into a site ahead of a replication fork or into another chromosome that has yet to
be duplicated (Charlesworth et al., 1994).

As class I TEs make use of RT and are retro-transcribed they are often referred to
as retrotransposons. However, not all retrotransposons actually encode their own RT
enzyme. For example, in mammals the so called short interspersed nuclear elements
(SINESs) rely on the presence of RT produced from other sources such as the long inter-
spersed nuclear elements (LINEs) (Rowold and Herrera, 2000). LINEs are autonomous

retrotransposons in the sense that they encode their own RT and are therefore not de-



pendent on the presence of another kind of transposon for replication (Gonzalez and
Petrov, 2012). As we will see below, analogous ideas also apply to ERVs. Both LINEs
and SINEs are polyadenylated during replication and are known as poly-A or non-
LTR retrotranpsons (Thain et al., 2004).

While retrotransposons such as SINEs and LINEs are polyadenylated some
retrotransposons use a distinct replication mechanism that that involves the produc-
tion of two long terminal repeats (LTRs). LIRs are direct repeats with a length of
roughly several hundred to one thousand base pair (bp) depending on the TE family
they originate from (Bannert and Kurth, 2006). In contrast to poly-A retrotransposons,
retrotransposons that use LTRs are known as LTR retrotransposons (Thain et al., 2004)
and are more similar to retroviruses (below).

The ERVs that are the focus of this thesis either once were, or are at least related
to, exogenous retroviruses. Retroviruses are pathogens that integrate their single-
stranded RNA genome into host cellular DNA via reverse transcription. This is an
obligate part of their lifecycle. If a retrovirus happens to integrate into a germ line
cell, and if the germ line cell leads to a successful zygote, than an endogenization has
occurred: the retrovirus has been vertically transmitted in a Mendelian fashion and is
now referred to as an endogenous retrovirus or ERV. The term HERV refers to endoge-
nous retroviruses that have been characterized in humans.

ERVs were discovered in the late 1960s by observing that virological markers
could be transmitted according to Mendelian laws (Weiss, 2006). Until RT was dis-
covered these observations were difficult to understand. Today it is possible to locate
thousands of ERVs in animal genomes and the Mendelian transfer of retroviruses is
not controversial. ERVs can be studied using methods from molecular biology or with
bioinformatics tools, and the discipline of paleovirology studies endogenous viral ma-
terial of many kinds (Katzourakis, 2013). This thesis describes projects where tools
such as LTRHarvest (Ellinghaus et al., 2008) or RepeatMasker (Smit et al., 2004) were

used to identify ERVs. These tools allow one to delineate ERVs via homology or struc-



tural features. Once identified ERVs can then be studied like other genomic entities by
making using of the software repertoire available to the modern biologist.

With regard to classification, the retroviruses are currently split into seven gen-
era. As identified by van Regenmortel et al. (2000) the genera are: the alpharetro-
viruses from birds; the betaretroviruses from mammals including mice, primates and
sheep; the gammaretroviruses, that were originally documented due to their associa-
tion with murine cancers; the epsilonretroviruses that contain few endogenous mem-
bers; the spumaviruses, or foamy viruses, whose relationship to disease is not well
understood; and the deltaretroviruses and lentiviruses, that are associated with smoul-
dering infections such as HIV /AIDS. The exact relationship between retroviruses and
LTR retrotransposons is unclear. LTRs appear to have a common origin (Benachenhou
etal., 2013), and although retroviruses may ultimately be derived from LTR retrotrans-
posons, it also appears that viruses have donated genes (Malik et al., 2000) to LTR
retrotransposons, enabling them to become horizontally transmissible (Jordan et al.,
1999) like retroviruses. Figure 1.1 displays the exogenous retroviral genera and relates
them to the ERV families that are discussed in this chapter.

Though retroviruses have been identified in a wide range of vertebrates, assess-
ing their true host diversity is difficult and most knowledge comes from humans or
domesticated animals (Gifford and Tristem, 2003). Here ERV's can help improve scien-
tific understanding of retroviral diversity. Partly this is because ERVs are plentiful and
are found in many species, including amphibians, birds, carnivores, fish, lagomorphs,
primates, rodents and ungulates, and can therefore fill in the phylogenetic gaps be-
tween known exogenous retroviruses (e.g. Jern and Coffin, 2008; Bolisetty et al., 2012;
Zhuo et al., 2013). However, ERVs also contribute information on ancient viruses so
that they can be used to study, for example, the long-term co-evolution of hosts and
viruses, whereby ERV abundance is related to changes in host genes e.g. Daugherty
and Malik (2012).

The ERVs in the human genome are particularly well described. Using phylo-



class III

spuma
— delta
— lenti
ClajS gl t e enJSRV
eta HERV-K
— alpha
— epsilon
ERV9 HERV-W
— gamma ------- HERV-FRD MuERV-L
class 1 HERV-H

Figure 1.1: The relationship between retroviral genera as presented by Hayward et al.
(2013). The ERV classes are shown and the ERV families mentioned in this chapter are
related to their closest exogenous viral genus.

genetic methods, the HERVs have been divided into 31 families (Katzourakis and Tris-
tem, 2005), some of which are very diverse (Tristem, 2000). These 31 families are tra-
ditionally grouped into three classes that relate them to exogenous retroviruses. Over
two-thirds of the families are members of class I and are gammaretrovirus like, while
the remaining families are equally split between the alpharetrovirus/betaretrovirus
like class II, and the somewhat spumavirus like class III (Katzourakis and Tristem,
2005). Some HERVs are extremely old, perhaps over 60 Myr, though as the loci within
each family appear to be derived from a relatively small number of bursts of activity
it is still possible to relate them phylogenetically (Katzourakis and Tristem, 2005).
Although the HERVs have been grouped into families using phylogenetic tech-
niques they are often named according to the tRNA thought to initiate their reverse
transcription rather than by comparison to other ERV families. For example, HERV-K,

a family recently active in humans, is primed by lysine tRNAs. The naming scheme



of HERVs is often argued to be problematic because it is redundant (unrelated HERVs
share identical tRNA primers) and because it does not reflect the biological relation-
ships between ERVs. However, so far the alternative efforts to classify HERVs (Blomberg
et al., 2009) do not seem to have caught on.

Having defined ERVs I will now describe how they replicate. The origin and re-
moval of replication competent ERVs is a research topic that I address in both Chapter
2 and Chapter 4. In Chapter 2 I am interested in opportunities for replication as well as
the role of recombination in the destruction of ERV loci. In Chapter 4 I am interested
in the timing of these phenomena. We will see that ERVs are actually replicated us-
ing a complex range of strategies, though I do not explicitly take these strategies into
account in my research.

The ability of ERVs to self-replicate, by whatever means, is the crucial feature
that allows them to be considered as selfish DNA. Selfish DNA is a powerful idea that
we will come to in due course. However, while it is important to consider ERVs as
selfish DNA in the first instance, in Chapter 3 we will see that not all the ERVs in the
human genome are best viewed this way. This claim will be reinforced in Chapter 4
and Chapter 5, although its justification should also become obvious in light of the
viral co-options that will be described below.

Exogenous retroviruses proliferate by gaining entry to the cells of host organ-
isms and their viral lifecycle can be broken down into five steps (Sverdlov, 2000): first,
a virus effects cell entry as receptors on its envelope interact with receptors on the
host cell wall; second, a virus uncoats in order to be reverse transcribed from RNA
into double stranded DNA; third, a virus enters the cell nucleus and integrates into
the host genome as a provirus (Figure 1.2); fourth, the provirus is transcribed and
processed, and viral products are transported to the cytosol; fifth, viral proteins are
assembled to form many new viral particles which then bud from the host cell.

Cell entry is important to exogenous retroviruses but is not a prerequisite for the

proliferation of ERVs (Belshaw et al., 2004). Although ERVs may replicate via cell exit
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Figure 1.2: Pre-integration site: initially no virus is present at this locus in the host
genome. Full-length ERV: the provirus is initially terminated by two identical LTRs
that delineate: the PBS (primer binding site) where reverse transcription initiates; gag
(group specific antigen) that contains structural proteins MA (matrix), CA (capsid) and
NC (nucleocapsid); pro (protease) that cleaves polyproteins; pol (polymerase) that con-
tains RT (reverse transcriptase) to convert RNA into DNA and IN (integrase) to incor-
porate viral DNA into the host genome; env (envelope) that contains SU (surface unit)
that interacts with susceptible receptors and TM (transmembrane unit) that triggers
the fusion of the virus with susceptible cells and that also contains an immunosup-
pressive domain; PPT (polypurine tract) that primes positive-strand DNA synthesis.
Not shown in the diagram are the short 4-6 bp target site repeats that immediately
flank the integrated provirus. Solo-LTR: most ERVs in primate genomes are found in
a truncated form that is presumably the result of recombination between their 5" and
3’ LTRs. Figure is after Bannert and Kurth (2006) and Ellinghaus et al. (2008).

and re-entry (reinfection) they can also replicate via retrotransposition, that involves
processes that occur only within a single cell. The retrotransposition of ERVs implies
that families of ERVs do not have to maintain a full complement of intact retroviral

genes in order to proliferate. This is because the env gene is not required to duplicate

within a single cell. By using the intracisternal A-type particle (IAP) as a model system
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it has been shown that ERVs that lose their env gene and replicate via retrotransposi-
tion seem to become the most prolific families in the long term (Magiorkinis et al.,
2012). In fact, the degradation of env is only one example of the way in which mem-
bers of an ERV family can lose viral genes and yet continue to reproduce. Although it
is possible for ERVs to replicate by complementation in cis (Where the molecular prod-
ucts of the ERV’s own sequence are used for its mobilization) it is also possible for an
ERV to replicate by complementation in trans (whereby the ingredients required for
mobilization are provided by other ERVs or exogenous viruses).

The differences between endogenous and exogenous viral replication are well
emphasised by a study of the four largest HERV families in humans. There Belshaw
et al. (2005b) found a tendency for ERVs to use mechanisms including complementa-
tion in trans, retrotransposition in cis and, in the case of HERV-W, the parasitization
of LINEs. Belshaw et al. (2005b) further found that within the HERV-H family a large
clade of elements had many inactivating deletions in its genes. While these ERVs could
not have replicated themselves, they are nested within a clade of more intact elements
exhibiting low dN/dS in their env genes. This evidence of purifying selection suggests
that the clade of intact elements are re-infecting, as is typical of many of the smaller
HERYV families. These more intact ERVs are thought to have mobilized the less intact
ERVs by complementation in trans. HERV-H is an important family with respect to
this thesis and will be discussed further below. The mobilization patterns of HERV-H
are in contrast to those of the relatively small HERV-K(HML2) family that is thought
to be reproduced predominately via reinfection (Belshaw et al., 2004) as evidenced by
the purifying selection that has been acting on its genes.

Once an endogenization event has occurred a family of ERVs may continue to
proliferate until all members of its family are silenced by host defences (Johnson, 2007)
or otherwise degraded via mutation or solo-LTR formation (Katzourakis et al., 2005).
The term solo-LTR refers to a single LTR that is missing its associated paired LTR

and proviral genes. Solo-LTRs are thought to be generated when LTRs undergo non-
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allelic homologous recombination which results in a deletion and an acentric fragment
(Stankiewicz and Lupski, 2002). Solo-LTRs are far more numerous than full-length
ERVs in primate genomes (Bannert and Kurth, 2006) and most families of HERV ex-
hibit a roughly 10:1 solo-LTR to full-length ERV ratio. It is not known whether the
majority of solo-LTRs found in primate genomes are formed before or after endoge-
nization although Belshaw et al. (2007) argued that ERVs from the HERV-K(HML2)
family were less likely to form solo-LTRs with age. The issue of solo-LTR formation is
directly addressed in Chapters 2 and 4 of this thesis.

Today the vast majority of ERVs in humans are thought to be inactive. Since the
split between the chimpanzee and human only one ERV family, the aforementioned
HERV-K(HML2), is known to have replicated. Some loci in this family are currently
polymorphic, for example, loci HERV-K 113 and HERV-K 115. However, an analysis of
American individuals suggests that the insertions occurred at least 0.8 Ma (Jha et al.,
2009). If this integration date is correct then these loci were created some time before
the origin of anatomically modern humans. Nevertheless, there has been and con-
tinues to be some speculation that the HERV-K family remains active today so that,
for example, a recent study reported that a human individual contains an average
of 6 HERV-K loci that are not present in the reference genome (Marchi et al., 2014).
The possibility of active HERV loci in humans is exciting and further population data
and improved genome assembly tools will ensure that the topic can be adequately
addressed quite soon.

At present there is considerable interest in understanding the structure of eu-
karyotic genomes. An elementary aspect of genome structure is gene density, and it
has been known for some time that the genomes of organisms having similar pheno-
typic complexity can vary massively in size. For example, the Norway spruce (Picea
abies) has an enormous 20 Gbp genome (Nystedt et al., 2013) while the not so dissim-
ilar bladderwort (Utricularia gibba) has a genome of only 82 Mb (Ibarra-Laclette et al.,

2013). Both genomes contain the same number of genes, about 28,000.
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The finding that the complexity of organisms does not scale with genome size
is known as the C-value paradox (Eddy, 2012). I have described how TEs replicate
but have not addressed the consequences of their proliferation. These consequences
turn out to be profound because they explain the composition of the genome as well
as highlight the importance of protecting it. As this thesis is motivated and contextu-
alized by research on the mechanisms and effects of TEs it is necessary to describe this
research in detail below.

One resolution to the C-value paradox is the observation that much of the
difference in genome size between organisms is due to selfish DNA (Doolittle and
Sapienza, 1980; Orgel and Crick, 1980). Selfish DNA is sequence that is present largely
due to its ability to self replicate within hosts rather than due to some ability to con-
tribute to the replication of the host itself. The important point is that genomes can
be swollen by sequence that generally provides no adaptive value. Certainly TEs in
general, and ERVs in particular, are usually treated as selfish DNA, though there is
no universal consensus quantifying the proportion of loci that provide a function (see
Graur et al., 2015) to the host.

The original presentation of the selfish DNA concept included a number of hy-
potheses. These included the suggestion that selfish DNA would prefer not to trans-
pose unrelated sequence and the suggestion that selfish DNA would evolve towards
reliance on a limited number of genes. The original presentation also made an explicit
call for a new kind of population genetics to describe the behaviour of selfish DNA.
This call was partially answered by Hickey (1982) who showed how deleterious selfish
DNA might spread within a population of organisms.

The model of Hickey (1982) was limited and considered only a single TE locus.
However, it did emphasise the important point that even harmful TEs could spread
within host populations unless they were somehow controlled. The idea that deleteri-
ous elements can spread is especially relevant to the study of ERVs as we do not have

a complete picture of the costs or benefits associated with the acquisition of many loci
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nor even a good idea about the frequency with which endogenizations might have
occurred. It is possible that viral endogenizations are fairly frequent events so that
almost every ERV we see has fixed via drift. But this is not something we know for
sure.

More comprehensive population genetic models of TEs have also been devel-
oped. These include the models of Langley et al. (1983) and of Charlesworth and
Charlesworth (1983). The latter work has been particularly influential, the main result
being an analytical expression of the change in mean TE copy number per individ-
ual in terms of the total number of sites in a genome that can be occupied, the mean
transposition and excision rates of TEs, and the mean fitness of the host as a function
of element number. Importantly, this result was used to demonstrate that even in the
absence of self restraint by TEs, a rapidly decreasing fitness function with respect to
TE copy number could produce an equilibrium situation such that TEs would not fill
up the genome. The distribution of occupation frequencies was also derived and has
been empirically tested in, for example, fly (Charlesworth and Langley, 1989).

Over the past 25 years interest in the dynamics of TEs has been sustained. Dur-
ing this time a focus on the role of selective forces in controlling the proliferation of
TEs has persisted. I will not discuss all the harmful effects of TEs in detail here, be-
cause I have done in Chapter 3. However, I will remark that ectopic recombination
has frequently been a theme of theoretical work. As TEs are present in multiple copies
it is quite possible for one TE to recombine with another similar TE from the same
family during cell division. Charlesworth and Charlesworth (1983) highlighted the
importance of the rate of reduction of host fitness as a function of TE number. Unlike
many other potential fitness effects, the effect of ectopic recombination can a priori
accumulate quickly enough to create an equilibrium situation. This is because ectopic
recombination involves interaction between loci from the same TE family and is there-
fore expected to increase with the square of the number of elements in a genome.

Theoretical research into TEs has progressed since the 1980s. For example, the
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effects of finite population sizes with respect to the control of transposable elements
was studied by Brookfield and Badge (1997). The authors found that finite population
sizes were associated with a decrease in the ability of a host to control transposable
elements. This was due to a decreased variance in element copy number between in-
dividuals as well as particular loci becoming occupied at high frequencies. A highlight
of this research was a model of the fitness effects of TEs in terms of the probability of
aneuploid gamete formation due to recombination between heterozygous repeat loci.
This idea was captured in the form of a recurrence.

More recently Le Rouzic and Capy (2005) have addressed the invasion of a new
TE family into a diploid outbreeding species. Considering amplification, host-level
selection, self-regulation and drift, the authors used simulations to argue that TEs will
have an optimum transposition rate above which an invasion will do a great deal of
damage to the host. The authors therefore proposed that successful genome invasions
involve an initial burst of activity followed by a lower rate of activity or else a low rate
of replication followed by fixation via drift.

Both finite population sizes and bursting seem particularly applicable when
studying the fixation of ERVs. This is because exogenous retroviral infections would
probably be both time limited and structured at the level of the host population. This
suggests that effective transposition rates would be initially high, due to horizontal
transmission, but would drop quite rapidly in the face of the response of the host pop-
ulation to an epidemic. Accordingly, bursts of retroviral replication in sub-populations
could help drive a small number of ERVs to reasonable frequencies at which they
would be much less likely to be lost from the overall population due to drift. These
ideas are not a focus of this thesis but could be tested by studying the retroviral endo-
genizations that are currently occurring in koalas (Tarlinton et al., 2006).

A particular sub-thread of research into TEs has centred on the idea of the ecol-
ogy of the genome (Brookfield, 2005; Venner et al., 2009). The main motivation for

this analogy is that many of the features one wishes to understand about the TE com-
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position of genomes have ecological parallels: What niches do TEs occupy? What
determines TE diversity? What interactions occur between TE families? Though these
questions may not be easy to answer a positive aspect of “genomic ecology” is that
a history of interactions is preserved so that one does not need to focus only on the
behaviour of currently active TEs.

There have been numerous responses to the ecological perspective. A straight-
forward application of the ecological metaphor was the construction of models to rep-
resent parasitism and obligate symbiosis between TE families (Le Rouzic et al., 2007).
In the case of parasitism, and by analogy with LINEs and SINEs, one TE family pro-
duced resources that the other family needed to transpose. In the second case each
TE family contributed a resource that the other family required to replicate. A related
investigation modelled the dynamics of mutant TEs to show how replication incom-
petent TEs could parasitize replication competent ones in a way that could lead to
cyclical population dynamics (Le Rouzic and Capy, 2006). Some ecological work has
also focused on the relationship between host defences and TE abundance. Abrusan
and Krambeck (2006) contributed a fairly technical model to predict TE diversity over
time based on density dependent selection as effected by RNAi host defences. A met-
ric characterizing the domination of TE communities by a small number of families
(evenness) was related to changes in the number of families present.

It is not necessarily clear what distinguishes an ecological approach from an
evolutionary one. Some clarification was provided by Linquist et al. (2013) who pro-
posed an operational distinction: under an evolutionary approach one considers changes
within classes of TEs over time whereas under an ecological approach one considers
TEs as unchanging entities. This definition led the authors to suggest that factors such
as GC content and genome size are ecological ones and most effective at describing the
differences between observations taken from closely related host species; evolutionary
approaches are better used when comparing observations from more distant hosts. To

demonstrate their ideas the authors used the statistical method of redundancy anal-
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ysis to show the relative roles of both kinds of factors on a dataset of 10 fly species
(closer/ecological) and 13 mammalian species (more distant/evolutionary).

The ecology of the genome has played a conceptual role in recent work on self-
ish DNA. Though the main chapters of this thesis do not specifically reference ecolog-
ical ideas it is definitely the case that in chapters 2-5 the families of ERV are treated
as fixed categories. Therefore in some sense Chapter 2 discusses whether the X chro-
mosome is a niche for ERVs, while Chapter 4, where I investigate the mortality of the
larger HERV families, in some sense discusses the life history of ERVs. However, it is
also true that in these chapters the hosts themselves are hypothesized to be evolving
under the influence of a subset of the TEs. Moreover, at no point do I take account
of any potential interactions between members of different ERV families. For this rea-
son I would argue that there is no strong link between my work and the ecological
metaphor.

Up until now I have emphasised the similarities between all TEs, especially
with respect to their nature as selfish DNA that contribute little to the host and that
need to be controlled. In contrast to this emphasis there have been relatively recent
discoveries that demonstrate some surprising ways in which ERVs can confer benefits
upon a host. The benefits of these viral co-option events include: providing immunity
to mammals via receptor interference and the sabotage of exogenous viral particles
(Varela et al., 2009); the contribution of placentally expressed genes to many mam-
malian species (Lavialle et al., 2013); and in all likelihood, a yet to be fully elucidated
contribution to stem cell functionality (Robbez-Masson and Rowe, 2015). I will con-
sider the latter two examples further here. The finding that ERVs can have substantial
effects upon host phenotypes was part of the personal motivation behind the research
undertaken in Chapter 3, where I look at the divergence of orthologous ERVs in hu-
mans and chimpanzees. It is also relevant to the results reported in chapters 3-5, in
which knowledge of the co-option of HERV-H is essential background information.

Of the contributions made by ERVs to host biology their role in placental bi-
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ology is probably the most surprising: exogenous retroviruses use the fusion peptide
and immuno suppressive domain of the env gene to effect virus-cell fusion but these
features have also been domesticated by their hosts (Lavialle et al., 2013). This rela-
tionship was first postulated after env genes with open reading frames (ORFs) in the
human genome were found to exhibit low dN/dS and to be maintained across the
ape lineage. These observation led to the identification of a 30 Myr old HERV-W env,
now named syncytin-1 (Voisset et al., 1999; Blond et al., 1999; Mi et al., 2000; Blond
et al., 2000; Mallet et al., 2004) and a 45 Myr old HERV-FRD env, now named syncytin-
2 (Bénit et al., 2001; Blaise et al., 2003; Esnault et al., 2008). As the two syncytins have
been shown to be specifically expressed in the placenta and to have fusogenic proper-
ties they are currently believed to play a role in fusing the outer layer of the trophoblast
(placenta) to the wall of the uterus.

That env has been co-opted on two occasions is surprising. However, the evi-
dence in favour of env co-option is broader than syncytin-1 and syncytin-2 and rather
sublime. Since the work in human was undertaken two further env genes, syncytin-
A and syncytin-B, have been identified in the mouse (Dupressoir et al., 2005). Gene
knockout tests subsequently demonstrated that syncytin-A is necessary on the mater-
nal side (Dupressoir et al., 2009) and that syncytin-B is important on the fetal side if
runty pups are to be avoided (Dupressoir et al., 2011).

Further syncytins have been discovered in Lagomorpha (Heidmann et al., 2009),
Caviomorpha (Vernochet et al., 2011), Carnivora (Cornelis et al., 2012), Ruminantia
(Cornelis et al., 2013), Marmota (Redelsperger et al., 2014) and marsupials (Cornelis
et al., 2015). The approximate age of these syncytins is 12-30 Myr (Lagomorpha), >30
Myr (Caviomorpha), 65-80 Myr (Carnivora), >30 Myr (Ruminantia), >45 Myr (Mar-
mota), and >80 Myr (marsupials). Though knockout experiments have not been per-
formed beyond the mouse, the weight of evidence (including fusion assays, the du-
ration over which ORFs are maintained, and expression analyses) is fairly conclusive.

Indeed, considering the many occasions on which syncytins have been independently
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captured one might suggest that, given enough time, the placental co-option of ERVs
is an almost inevitable consequence of the interaction between retroviruses and mam-
mals.

The discovery of the syncytins, combined with the observation that ERVs and
retroviral promotors are highly transcribed or exclusively expressed in the placenta,
has led Chuong (2013) to speculate that ERVs and the placenta are in symbiosis. The
argument is that ERVs are tolerated in the placenta because they were involved in the
creation of the trophoblast cell lineage and that, since then, ERVs have often acted as
a source of promotors that can rewire gene expression. This is an interesting but con-
troversial hypotheses because from the point of view of a virus, placental expression
could allow ERVs to be transmitted more effectively from mother to offspring (Haig,
2012, 2013).

If Chuong (2013) is correct one might expect sexually antagonistic selection to
act on ERVs that are expressed in the placenta. This is because assuming that first, a
large number of proviruses and retroviral LTRs have played an important role in the
evolution of the placenta, and that second, some of the evolution of placental phe-
notypes is driven by positive selection due to parent offspring conflict (Trivers, 1974),
then not only is it in the interest of fetal genes to transfer nutrients to a level in excess of
the mother’s preferences, but it can also be in the father’s interest to transfer maternal
resources to his offspring at a cost to other (potentially unrelated) ones (Haig, 1993).
This implies that insofar as the average effect of a provirus is to increase the transfer
of nutrients beyond the optimum from the mother’s perspective, and insofar as the
average substitution into a provirus mitigates this effect, substitutions into proviruses
will benefit the female but harm the male.

Indeed, antagonism might be seen even if proviruses did not increase the trans-
fer of nutrients beyond a level compatible with the preferences of both the mother
and the offspring under ideal circumstances. This is because while both the male and

the female fetus would (presumably) reap the benefits of parental investment via the
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placenta equally, it is only the female that will come into contact with the potentially
harmful effects of the placental activity of ERVs as an adult. Therefore, if the cost of
adult contact with the placenta increases to a level that balances the benefit provided
to an offspring then substitutions that oppose any further transfer will be of benefit to
the female and not to the male. A desire to test these hypothesis was the motivation
behind comparing the substitution rates of autosomal and X-linked ERVs in Chapter
3, though ultimately no substantial supporting evidence was found.

If the role of ERVs in placentation was a highlight of ERV research in the last
decade then the role of ERVs in pluripotency may turn out to be the highlight of ERV
research in this one. This is because in the last two years the ERV family HERV-H has
been found to be essential to the maintenance of stem cell identity in humans (Lu et al.,
2014; Wang et al., 2014).

HERV-H is a large family that we shall study in detail in Chapter 5. There
are over 1,200 full-length loci integrated into the human genome (Bannert and Kurth,
2006). A succession of studies have identified various characteristics of the family in-
cluding several LTR subtypes, the phylogeny of many loci, and a consensus sequence
for the largest clade (Mager, 1989; Goodchild et al., 1993; Jern et al., 2004, 2005). The
majority of integrations of HERV-H occurred perhaps 25-30 Ma, though the first inte-
gration occurred prior to the split of the New World Monkey and Old World Monkey
lineages (Mager and Freeman, 1995). Unusually for an ERV family, HERV-H appears
to have been maintained at a roughly 1:1 full-length to solo-LTR ratio in the human
genome (Bannert and Kurth, 2006) though, as previously mentioned, the HERV-H
family is dominated by elements containing large deletions in their genes, particularly
in env.

In the last two years interest in the HERV-H family has redoubled as its rela-
tionship with stem cells has become known. In 2014 several important results were
published. First, Wang et al. (2014) showed that 550 of the 1,225 full-length copies

of HERV-H in the human genome are actively transcribed in human pluripotent stem
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cells. These transcripts are mostly chimeric or long non-coding RNAs. Interfering with
the LBP9 driver or the associated HERV-H transcripts destroyed stem cell identity.
Second, Lu et al. (2014) showed that HERV-H transcription is necessary for both the
creation and maintenance of stem cell identity and that HERV-H knockdown down-
regulates pluripotency markers. Finally, Fort et al. (2014) suggested (via a large scale
analysis of mouse and human transcriptomes) that stem cell specific transcription fac-
tors directly control transcripts originating from LTRs. As the HERV-H family has
turned out to be relevant to my research, these results will be revisited in Chapter 3,
Chapter 4, and particularly Chapter 5, where they are central.

The aforementioned host roles for HERV-H and the syncytins are not in conflict
with the concept of selfish DNA, yet they are different in emphasis. They have led to
retroviruses being described as regulatory elements that evolve especially quickly due
to the adaptive arms race between host and virus (Schlesinger and Goff, 2015) and as
lineage specific mobile promotors that rapidly rewire entire gene regulatory networks
(Chuong, 2013). This demonstrates that the cutting-edge perception of ERVs by some
experimentalists is distinctly at odds with a view that retroviruses behave solely as
pathogens or selfish elements. In some sense this contemporary conception of the role
of ERVs remains closely aligned to the spirit, if not the mechanism, of McClintock’s
original theory of controlling elements. Clearly many details of viral co-option are
unknown and elucidating the dynamics of co-option remains an open topic for biolo-
gists. Bearing these thoughts in mind, it is appropriate to continue on to the research

itself.
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Chapter 2

Sex-specific aspects of endogenous

retroviral insertion and deletion

2.1 Abstract

Background

We wish to understand how sex and recombination affect endogenous retroviral in-
sertion and deletion. While theory suggests that the risk of ectopic recombination will
limit the accumulation of repetitive DNA in areas of high meiotic recombination the
experimental evidence so far has been inconsistent. Under the assumption of neutral-
ity, we examine the genomes of eighteen species of animal in order to compute the
ratio of solo-LTRs that derive from insertions occurring down the male germ line as
opposed to the female one (male bias). We also extend the simple idea of comparing
autosome to allosome in order to predict the ratio of full-length proviruses we would

expect to see under conditions of recombination linked deletion or otherwise.
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Results

Using our model, we predict the ratio of allosomal to autosomal full-length proviruses
to lie between 3 and % under increasing male bias in mammals and between 1 and 2
under increasing male bias in birds. In contrast to our expectations, we find that a
pattern of male bias is not universal across species and that there is a frequent over-
abundance of full-length proviruses on the allosome beyond the ratios predicted by

our model.

Conclusions

We use our data as a whole to argue that full-length proviruses should be treated as
deleterious mutations or as effectively neutral mutations whose persistence in a full-
length state is linked to the rate of meiotic recombination and whose origin is not
universally male biased. These conclusions suggest that retroviral insertions on the
allosome may be more prolific and that it might be possible to identify mechanisms of

replication that are enhanced in the female sex.

2.2 Background

As an obligate part of their life-cycle, retroviruses integrate genetic information into
their host’s cellular DNA. If such an integration occurs in a germ line cell and is not
sufficiently harmful to its host then it is possible for viral DNA to pass vertically from
parent to progeny. Over time, endogenized viral DNA may become fixed within pop-
ulations and it is therefore possible to detect the traces of ancient viral infections, often
as fragments, by trawling modern genomes e.g. (Katzourakis et al., 2007b; Zhuo et al.,
2013).

Most endogenous retroviruses (ERVs) are not observed in their original full-

length proviral form. Immediately after successful integration, a provirus will consist
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of a pair of long terminal repeats (LTRs) that flank the open reading frames for several
retroviral genes, typically gag, pol and env. As flanking LTRs are identical at the time of
insertion (Bannert and Kurth, 2006), a persistent similarity between viral extremities
over generations means that there is a strong possibility of illegitimate recombination
between LTRs from the same or similar ERVs. Recombinational deletion is said to
occur when the internal region of a provirus is eliminated by recombination between
LTRs and only a solitary or solo-LTR is left behind (Belshaw et al., 2007). As ERVs may
replicate within the genome via reinfection or retrotransposition (Belshaw et al., 2004,
2005b; Katzourakis et al., 2005), recombinational deletion is one of the forces shaping
both the retention and proliferation of selfish genetic elements (Orgel and Crick, 1980)
and is therefore of interest to those concerned with the accumulation of repetitive DNA
over time.

It has previously been shown that recombinational deletion in human is corre-
lated with local meiotic recombination rate but that the fixation of ERVs is not (Kat-
zourakis et al., 2007a). These findings are consistent with work examining transposons
in worms (Duret et al., 2000) and retrotransposon specific evidence from flies (Rizzon
et al., 2002), but are also in contrast to theory and experimental evidence that suggests
that transposable elements in general are more frequent in chromosomal regions with
lower rates of recombination (Charlesworth and Langley, 1989; Charlesworth et al.,
1994).

In the aforementioned work, Katzourakis et al. (2007a) proposed that the major-
ity of retroviral insertions are acquired down the male germ line due to the relatively
high number of cell divisions involved in the production of sperm in the male as op-
posed to eggs in the female. As many exogenous viruses require cell division in order
to cross the nuclear membrane (Roe et al., 1993), or are at least more efficient at in-
fecting dividing cells (Suzuki and Craigie, 2007), it is reasonable to hypothesize that a
deeper germ line will offer more opportunities for retroviral infection than a shallow

one. This male bias hypothesis was supported by data showing an excess of ERVs
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on the Y chromosome, even after the chromosome’s low gene density was taken into
account. The reasoning behind such a hypothesis is similar to original arguments for
male mutational bias (Miyata et al., 1987) in which cell division is associated with er-
ror prone DNA replication: in both cases cell division is thought to be correlated with
changes in germ line DNA. Although estimates of male mutation bias vary consid-
erably (Li et al., 2002), it is generally thought that male bias correlates to life history
traits, with longer lived animals tending to exhibit a higher male bias than shorter
lived ones (Sayres et al., 2011).

The work of Katzourakis et al. (2007a) is robust but limited in two ways. First,
recent evidence suggests that the rate of recombination along the length of chromo-
somes can vary rapidly (Myers et al., 2005) and therefore we are not sure how closely
recent recombination rates correlate with those in the distant past. Second, we are in-
terested in species beyond humans, including those for which we do not have a recom-
bination map or even an assembly of the Y chromosome. To address these challenges
we develop a straightforward model relating recombinational deletion, sex specific
ERV integration rates and meiotic recombination at a chromosome level and then use
it to examine whether genomic data from several species supports the conclusions of

previous work.

2.2.1 Model

We want to consider how a sex specific ERV integration rate interacts with a recombi-
national deletion process that is either independent of or strongly linked to the back-
ground rate of meiotic recombination. To do so we will consider retroviral insertions
under the XY and ZW sex-determination systems. We do this with the intention of
comparing the density of ERVs on the allosome (X and Z chromosomes only) to those
on the autosome using publicly available mammalian and bird genomes.

Assume that retroviral integrations into host genes are highly deleterious or

lethal and that the insertions we see today are effectively neutral and fixed by drift.
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We will consider p;, the proportion of full-length proviruses per unit length of chro-

mosome i. We write

pi =ni/(li — &i)

where 1; is the number of full-length proviruses on chromosome i, /; is the length in
base pairs (bp) of chromosome i, and g; is the number of bases on chromosome i that
are part of a gene. We will use subscript a to refer to autosomal DNA and subscript x
or z to refer to allosomal DNA.

Let f be the rate of proviral integration for females and let m = Bf be the rate of
proviral integration for males, where f8 is a positive real number used to model male
bias i.e. the ratio of viral integrations occurring down the male germ line to those viral
integrations occurring down the female germ line. As the X chromosome spends twice
the amount of time in the female as the male the average rate of proviral integrations
on the X chromosome will be

B4 f

while the average rate of proviral integrations on an autosomes will be
1 1
SBf+5f.

We are interested in knowing whether recombinational deletion is linked to
meiotic recombination and whether male bias has been an important factor in inte-
grations. Let ry and r, represent the intensity of the process that deletes full-length
proviruses from the X chromosome and the autosomes respectively. The rate of accu-

mulation of full-length proviruses on the X chromosome is given by

e = 3Bf + o — rens 1)
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while the rate of accumulation of full-length proviruses on an autosome will be

g = 1,3f—|— %f— Yallg. (2.2)

T2
We will use the ratio p = % to make predictions under various scenarios. Equa-

tions 2.1 and 2.2 have a straightforward analytical solution (Supplementary File 2.1)

so that in general we have

tooo ;13 (B+1)

As the X chromosome (excluding pseudoautosomal regions) recombines at only
% the rate of the autosomes we have ry = %ra in the case that the deletion process
is linked to meiotic recombination and r, = r, otherwise. Therefore we arrive at
Equation 2.3 and Equation 2.4 which give asymptotic values of p as a function of  in

the presence or absence of recombination linked deletion respectively.

_(B+2)

A TESY 23)
_2(B+2)

SIS 24

These functions are similar to those originated by (Miyata et al., 1987) in the
context of molecular evolution and are plotted in Figure 2.1. In the case that recom-
bination is linked to deletion we expect to see more ERVs on the X chromosome due
to its reduced rate of meiotic recombination. As the X chromosome also spends less
time in males, the expected excess will be reduced in line with male bias so that as
increases the value of p will tend to unity. In the case that recombination is not linked
to deletion then ERVs on the X chromosome are no more or less effectively deleted
by the host. Now we do not expect any excess of ERVs unless male bias is strong, in
which case the autosomes will receive more insertions than the X chromosome and p

will tend to % as p increases.
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Figure 2.1: Predicted ratios. Predicted ratios of full-length proviruses on the allosome
(X or Z) to the autosome under recombination linked and non recombination linked
deletion scenarios. Predictions are shown for both the XY sex-determination system
and the ZW sex-determination system. For any given bias () and sex-determination
system we make two predictions as to the allosome-to-autosome ratio of full-length
proviruses (p). A value of B greater than one is a male bias and a value of B less than
one is a female bias. Under the ZW system (e.g. in birds) both male bias and a lack
of recombination may contribute to an excess of ERVs on the Z chromosome when
compared to the autosome.

28



In birds, males are the homogametic sex, each having two Z chromosomes, and
therefore our model makes different predictions. Under the ZW sex-determination

system

) 2 1
n; = §5f+ gf_ TzNy

so that by using a similar argument as before p,/p, is given by

-Gt o

in the case of recombination linked deletion and

_2(28+1)
p= 3(B+1) (2.6)

otherwise. When calculating p = p./p, male bias and reduced meiotic recom-
bination both act in the same direction to increase the expected excess of ERVs on
chromosome Z. As shown in Figure 2.1, in this case we expect p to be 3 tending to
2 as B increases when recombination is linked to deletion and p to be 1 tending to %

otherwise.

2.3 Methods

In order to compare our model with reality we obtained an estimate of p; for the chro-
mosomes of eighteen species. This was done by counting full-length proviruses on
each chromosome of the genome of each species and then using gene annotation in-
formation to calculate /; and g;.

Eighteen soft-masked animal genomes were obtained from the Ensembl project
(Flicek et al., 2012): cat, chicken, chimp, cow, dog, gorilla, horse, human, macaque,
marmoset, mouse, opossum, orangutan, pig, rabbit, rat, turkey and zebra finch. A

collection of 771 viral pol sequences was used to locate as many potential endogenized
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pol sequences as possible from across all eighteen genomes. The 771 probe sequences
were selected to represent the full diversity of exogenous and endogenous retroviral
genes and are the same as those used in previous studies (Katzourakis et al., 2007b;
Magiorkinis et al., 2012). Application of tBLASTn (Altschul et al., 1990) identified pu-
tative pol hits which were used to extract 49,928 non-overlapping 15kb regions each
centred on a match. These 49,928 regions were processed using LTRharvest (Elling-
haus et al., 2008), a tool designed to detect full-length LTR retrotransposons based on
structural features alone. Thus, a large set of BLAST results were reduced to 18,203
putative full-length sequences of which we filtered the 16,661 that occur in sequence
that is assembled into chromosomes of interest.

For some genomes LTRharvest was inclined to report sequences made up of a
large amount of unknown nucleotide sequence, that is sequence recorded with Ns in
the genome, as retrotransposon like. These Ns between LTRs are doubly problematic
as they lead us to question whether LTRs are genuinely physically associated and also
make it harder to confirm that the internal regions contain viral genes. To be more
certain that we were dealing with genuine full-length proviruses we discarded any
sequence containing more than five consecutive unknown nucleotides or comprising
more than five percent unknown nucleotides overall. These particular cutoff values
are conservative and were chosen with caution in mind. We then used the LTRdigest
annotation tool (Steinbiss et al., 2009) to further discard any full-length proviral se-
quences that did not contain at least one retro-viral gene beyond the pol previously
identified by homology. This filtering process left 7,299 full-length sequences for anal-
ysis as is recorded explicitly in Supplementary File 2.2.

From Ensembl genes69 we estimated g; for each chromosome of interest using
the BioMart section of the website. As gene annotations can overlap we post-processed
the downloaded results to ensure that each base pair of annotation contributed at most
once by using an algorithm that incrementally merged overlapping annotations. The

total length of each chromosome /; was available both from Ensembl and also directly
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from the genomes themselves. Each putative provirus occurring on known chromo-
somal DNA contributed to the total count n; for the chromosome.

As we are interested in any overall bias in retroviral insertions we also per-
formed a survey of solo-LTRs across all eighteen genomes. In this case we compiled a
query library containing the 5" LTR region of each of the 7,299 full-length proviruses
and performed a BLASTn search against every genome. Alignments of at least 95%
identity and covering at least 95% of the query sequence were retained and multiple
overlapping alignments were merged to give 926,894 putative LTRs. As the purpose
of this search was to identify solo-LTRs, any putative LTRs separated by less than 15kb
of intermediate sequence were discarded leaving 508,811 merged alignments that we
consider represent the solitary remnants of proviruses.

We use solo-LTRs as a proxy for total insertions which is justifiable given the
fact that they are so much more numerous than full-length proviruses, as is recorded
in Supplementary File 2.3. However, as we detect solo-LTRs based solely on their
similarity to LTRs of full-length proviruses we will not identify solo-LTRs that have
no full-length proviral representatives.

For both full-length proviruses and solo-LTRs, we also checked that the ratio of
allosomal (X or Z) to autosomal ERVs is not correlated to GC content (Supplementary

File 2.4).

2.4 Results and discussion

We wish to see whether the predictions of our model are borne out by genomic data
and so for eighteen genomes we aggregate retroviral insertions into two groups for
easy display and analysis: those on the allosome (X or Z) and those on the autosome.
That is to say, the ratio p is estimated by calculating n, = }_; n; such thati ¢ {x,y,w,z}
and using n, or 1, as appropriate. We plot the ratio p in Figure 2.2 and present the raw

data in Supplementary File 2.3.
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Figure 2.2: Observed ratios. Observed ratios of full-length proviruses and solo-LTRs
on the allosome (X or Z) to the autosome for the genomes of 15 mammals and 3
birds. Vertical lines mark the key ratios %, 1, % and 2. Asterisks mark the genomes
we consider as trustworthy and discuss in the Results section. Mammalian full-length
provirus ratios typically lie beyond 3/2, the maximum predicted value under an as-
sumption of male-bias. Mammalian solo-LTRs are generally more evenly distributed
between autosome and allosome. Mammalian solo-LTRs are also generally relatively
less abundant on the allosome than full-length proviruses.
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Under our model, every ratio p implies two bias values 3, one for each deletion
scenario. For each genome studied we make three point estimates of 3, one based
on solo-LTR ratios and two based on full-length proviral ratios under the scenario of

recombination linked deletion and otherwise. We record the results in Table 2.1.

Mammals
solo-LTRs Full-length recomb. | Full-length no recomb.
point | lower | upper | point | lower | upper | point | lower | upper
human* 1.36 | 1.03 1.79 | 38.24 | 256 S 0.86 | 0.09 3.32
chimp 1.36 | 0.89 2.08 NA 1.48 S 1.44 0 00
gorilla NA 0 0.05 0.35 0 16.13 | NA 0 0.7
orangutan | NA NA NA NA 0.63 oS 1.73 0 o
macaque 447 | 3.35 6.28 | 218 | 0.13 00 0.03 0 1.65
marmoset NA NA NA NA 3.39 oS NA 0.19 00
mouse* 037 | 0.28 048 | 439 | 1.73 | 33.87 | 0.29 0 0.84
rat* 034 | 023 0.46 0.68 0 3.74 NA 0 0.23
rabbit* 199 | 1.53 2.62 NA 0 2.85 NA 0 0.12
dog* 097 | 0.78 1.2 NA 0 1.79 NA NA NA
cat 256 | 117 7.12 NA 0 2.02 NA 0 0
horse* 0.76 | 0.01 3.18 NA 0 4.98 NA 0 0.33
pig* NA 0 0.07 NA NA NA NA NA NA
cow* 238 | 2.02 2.82 0.03 0 1.06 NA NA NA
opossum* | 11.22 | 5.12 | 167.79 | NA | 4.39 o 7719 | 0.28 00
Birds
point | lower | upper | point | lower | upper | point | lower | upper
turkey NA 0 S NA 0 o NA 0 00
chicken 0.53 0 o NA 0 S 0.19 0 S
zebra finch | NA NA NA NA NA NA NA NA NA

Table 2.1: Point estimates and intervals on bias  implied by measurement of: solo-
LTRs distribution (left); full-length proviral distribution under the recombination
linked deletion model (middle); full-length proviral distribution under the non re-
combination linked deletion model (right). Although each model implies a single bias
B, we also ask what bias values delineate the range (lower and upper) under which
we could expect to measure our observed ratios with a probability of less than 0.05.
We use ‘NA’ to mark those situations in which no point estimate or boundary value
of B can be computed. Asterisks mark the genomes we consider as trustworthy and
discuss in the Results section.

As our point estimates would vary if we had counted differing numbers of
viruses on the autosome or allosome, we also use equations from the Model section to
identify the range of bias outside of which our ratios would be observed with prob-

ability less than 0.05. We do this by solving our equations for ny or n,, the number
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of viruses expected on the allosome, and then finding the range of g for which the
Chi-square statistic is less than 3.841, the 0.05 p-value for a 1 d.o.f. goodness of fit
(Supplementary File 2.5). Where B would be less than 0 we consider a prediction non-
applicable (NA).

Three aspects of our results are immediately striking. First, the ratio of full-
length proviruses and solo-LTRs shows a great deal of variation between species, with
both over and under abundance on the allosome represented in our results. Second,
solo-LTR ratios tend to fall within the range % to % that make sense in the context of
our model. Third, our results show that full-length proviruses are more abundant on
the allosome than the autosome with the exception of orangutan, opossum, marmoset,

chimp and chicken. We elaborate on these three observations in turn below.

24.1 LTR detection, genome variation and phylogenetic indepen-

dence

Our ERV counting methodology relies on de-novo LTR retrotransposon detection. We
favour the approach in this study as we expect de-novo prediction to work well on
both familiar and lesser studied ERVs, an important consideration when we examine
genomes that are relatively distant from human. It is important to note that we do
not expect to detect all full-length proviruses but merely to detect a consistent propor-
tion across either allosomal or autosomal DNA. A similar expectation holds for false
positives: our requirement of our tool is consistency.

The actual number of proviruses we use in our study is less than can be de-
tected in principle and our results can be improved by using more effective counting
methods. In the present study we are keen to retain a structural model for ERVs and
therefore reject the use of repeat masking tools that are designed to detect repetitive
nucleotide sequences, that may well be fragmented, rather than accurately count indi-

vidual proviruses. We proceed with the knowledge that studies combining the frame-
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work from the Model subsection with better tools may well provide better estimates
of bias. We certainly do not consider the data we use exhaustive but do think it a
reasonable sample.

The genomes we examine vary in the number of ERVs they contain but also
in how often we are willing to trust the results we obtain from them. For example,
LTRharvest identifies 1,228 ERVs in the orangutan genome but we must throw roughly
two-thirds away because they contain many consecutive unknown nucleotides (Ns);
for the dog we identify just 177 ERVs but need discard only six percent. For this rea-
son we consider the genomes of the cow, dog, horse, human, mouse, opossum, pig,
rabbit and rat as trustworthy for our purposes as we discard less than one third of
potential proviral sequences due to unknown nucleotides. We consider the remaining
nine genomes less informative as the opposite is the case and we are particularly disap-
pointed that so few full-length proviruses could be recovered from bird genomes. We
largely restrict the remainder of our discussion to results from the more trustworthy
genomes and mark those genomes with asterisks when appearing in tables or figures.

We do not perform a phylogenetic analysis on our results as we know that most
full-length proviruses are not shared among species as closely related as human and
macaque (for example, 70% of full-length sites in macaque are not present in solo
or full-length form in any of human, chimp, gorilla or orangutan based on our own
unpublished analysis) and because we do not draw conclusions that involve making
detailed comparison between species. Rather, we examine a diverse set of animal
genomes and recognise that some applications of our method, such as those on the
primates, are pseudoreplications that produce non-independent results.

The heterogeneity of ERV replication affinity in a genome may be a confound-
ing factor in our study. If some types of virus are better at infecting male germ line
cells and others are better at infecting female germ line cells then the former variety
will show more male bias than the latter variety. As various kinds of ERVs may have

different biases it is important to note that our model treats bias (and rates of provi-
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ral insertion and deletion) as averages. Similarly, as the ERVs in a genome are only
derived from a relatively small number of ERV lineages, any replication affinity of
particular lineages could, in principle, bias the result. For example, in humans one-
third of all ERVs are descended from thirty-one to forty distinct colonizations (Bannert

and Kurth, 2006; Katzourakis and Tristem, 2005).

2.4.2 Ratios of solo-LTRs

Using the results from our more informative genomes we want to address the role of
male bias and recombination linked deletion in ERV biology. Our intervals for solo-
LTR biases are tight (Table 2.1) and our results suggest that cow, human, opossum
and rabbit all have a male biased insertion history. On the other hand, mouse and rat
exhibit a female biased insertion history while dog and horse give ambiguous results.
These results are surprising because, as discussed in the introduction, we expect ERV
integration bias to be male oriented and positively correlated with generation time in
the same way that mutational bias is.

Here our results appear to unlink deep germ lines and ERV proliferation in
general, perhaps suggesting that ERV integration tends to take place during a short
window of time that is unrelated to the protracted process of germ line cell division.
We also think it possible that integrations might be driven by ERV expression in pla-
cental tissue (Malik, 2012; Haig, 2012). While transmission from or via placenta to
progeny will affect both sexes of embryo equally, placental tissue could also re-infect
maternal germ line cells. Therefore placental expression of ERVs could well have the
effect of reducing male bias overall. The effect would be stronger for species in which
the females spend a greater proportion of their lives bearing offspring.

Nevertheless, it is generally thought that conventional mutational male bias
should increase with generation time, metabolic rate and sperm competition. A com-
prehensive study (Sayres et al., 2011) used age at sexual maturity, maximum life span,

and interlitter interval as proxies for generation time; basal metabolic rate, body mass
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and body temperature as proxies for metabolic rate; and testes-to-body mass ratio and
mating patterns (polyandrous/polygynandrous versus monogamous/polygynous) as
proxies for sperm competition. The conclusion was that that generation time was a
powerful predictor of mutational bias but that metabolic rate was of less use. Sperm-
competition appeared to be unexplanatory. While we would not necessarily expect the
same results it could be argued that all of the above factors should also be positively
correlated with ERV bias. The availability of closely related animal genomes means

there is potential for an analogous study of the effects of life history traits on ERVs.

2.4.3 Ratios of full-length proviruses

Our results for full-length proviruses are interesting in the extent to which ERVs are
over represented on the allosomes. We expect to see ratios in the range 3 to 1 or 1
to %, which correspond to scenarios of male bias under recombinational deletion or
otherwise. Instead, what we observe is that, among our more informative genomes,
all ratios besides those for the human and opossum lie beyond the range of values
predicted by our model. (We note that the opossum X chromosome is unusual in
that it receives more recombination than the autosomes (Mikkelsen et al., 2007).) This
does not mean our model is useless but instead that we must examine it more closely
in order to interpret our results. Therefore we consider three general reasons that
we might see an overabundance of proviruses on the allosome: dynamics, a lack of
neutrality or stochasticity.

First, ratios close to the asymptotes of our model may not have been reached.
Under a recombination-linked deletion scenario it is mathematically possible for LTRs
to accumulate on the allosome while recombination ‘catches up” and restores our pre-
dicted ratios. Although we would eventually expect to see the ratios described in the
Model section enough time may not yet have passed that we actually do so. This
explanation highlights a limitation of our model that can not be addressed solely by

examining older proviral insertions.
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Second, we may be mistaken in assuming that full-length proviruses are ef-
fectively neutral and drift to fixation. In this case factors including linkage disequi-
librium, differing mutation rates between sexes, the reduced relative population size
of the allosome, the heterozygosity of proviral mutations or sexual antagonism mean
that we cannot say whether we would expect to see higher or lower ratios than our
neutral model predicts.

For example, considering mammals, we expect the female nucleotide substi-
tution rate to be lower than the male substitution rate, in which case proviruses on
the X chromosome will receive less nucleotide substitutions than those on the auto-
some. Therefore, we expect that proviruses on the autosome are more likely to be
made benign by random mutation than those on the X chromosome and thus are more
likely to reach high frequency or fixation via drift or draft. Furthermore, as proviruses
will initially be found at low frequencies, any harmful recessive effects will be felt
most strongly in the hemizygous sex (Vicoso and Charlesworth, 2006) and so selection
against proviruses may be more effective on the X chromosome, also enhancing the
relative number of proviruses we might expect to see on the autosome. Both these
effects would act in the same direction and increase apparent male bias.

However, the extent to which the above effects hold is not known. For exam-
ple, while ectopic recombination might be a major harmful consequence of carrying
a proviral insertion, it is an open question as to whether it is generally healthier for
a host to be homozygous for a proviral insertion or whether other factors dominate;
is an ERV best modelled as a recessive harmful mutation? Furthermore, any sexual
antagonism in the effects of proviral insertions can shift our expectations of relative
abundance of proviruses in either direction. For example, we would expect to see
more fixation of proviruses on X for recessive mutations that are of benefit to males
but harmful to females or for dominant mutations that are of benefit to females but
harmful to males (Rice, 1984). Dominance and antagonism effects are examples of un-

known factors that can decrease any apparent male bias or lead to an apparent female
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bias instead.

Overall, these complexities are such that we cannot incorporate selection into
our framework without knowing more about the harm full-length proviruses cause.
The explanation that ERVs are non-neutral implies a misapplication of our model and
might possibly be supported by the recent observation that in mouse (Nelldker et al.,
2012) there are about 75% of the expected number of polymorphic (unfixed) ERVs on
the X chromosome yet close to the expected amount of fixed ones. As an apparent
underabundance of TEs on the X chromosome is reduced over time this evidence sug-
gests that polymorphic ERVs are more likely to fix on the X chromosome than the
autosome. In this case we note that if solo-LTRs are also deleterious, or if the process
of proviral deletion often occurs when proviruses are fixed or at a high frequency, then
our estimates of bias obtained from solo-LTRs will also be an underestimate.

Third, our results may genuinely reflect the processes described by our model
in many cases. On a species-by-species basis the overrepresentation of full-length
proviruses that we see on the X chromosome is often statistically compatible with a
range of positive bias under both recombination linked and non recombination linked
deletion. As Table 2.1 shows, under the recombination linked scenario fourteen of the
tifteen observed ratios are statistically acceptable and ten of the fifteen have a bias that
is compatible with that obtained from the corresponding solo-LTR ratios. Under the
non recombination linked scenario twelve of the fifteen ratios are statistically allow-
able and eight of these are compatible with the corresponding solo-LTR ratios. We
acknowledge that we find these wide intervals an uncomfortable shortcoming of an
approach relying on comparing a small allosome to a large autosome.

Of these three explanations, the first two are applicable in the case that a lack
of recombination is in one way or another responsible for the overabundance of full-
length proviruses that we highlighted above. With respect to the third explanation,
we find our observations are more often suggestive of recombination linked deletion

than otherwise. Given we know that opossum X chromosome biology is unusual,
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and also that when our ratios are statistically problematic they tend to be too large,
it is reasonable for us to favour a scenario of recombination linked deletion and to
question the assumption that ERVs are neutral alleles.

Of course, we may also see ratios that fall outside of our range of predictions
as a reason to reject our model entirely, in which case we are obliged to look for some
other explanation of what exactly it is about the X chromosome that results in full-
length proviruses being more abundant there. Nevertheless, in either case, if full-
length proviruses can persist for longer on the X chromosome then it is likely that if
we look more closely we will find that virus that integrate there are more successful

replicators than those who arrive elsewhere.

2.5 Conclusions

We predicted the allosomal to autosomal ratio of full-length proviruses we would ex-
pect to see under a neutral model given recombination linked deletion or otherwise.
Using bioinformatics tools we detected an excess of full-length endogenous retro-
viruses on the sex chromosomes of eleven mammals and one bird. We also observed
overall patterns of endogenous retroviral abundance that, under a neutral model, are
not universally male biased. We suggest that a recombination linked deletion process
or non-neutral alleles best explain our observations and that, in future, population
data and a better quantification of the harm caused by full-length proviruses can help

us more accurately explain their relative frequencies on sex chromosomes.
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Chapter 3

Orthologous endogenous retroviruses
exhibit directional selection since the

chimp-human split

3.1 Abstract

Background

Endogenous retroviruses (ERVs) are often viewed as selfish DNA that do not con-
tribute to host phenotype. Yet ERVs have also been co-opted to play important roles
in the maintenance of stem cell identity and placentation, amongst other things. This
has led to debate over whether the typical ERV confers a cost or benefit upon the host.
We studied the divergence of orthologous ERVs since the chimp-human split with the

aim of assessing whether ERVs exert detectable fitness effects.

Results

ERVs have evolved faster than other selfish DNA in humans and chimp. The diver-

gence of ERVs relative to neighbouring selfish DNA is positively correlated with the
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length of the long terminal repeat of an ERV and with the percentage of neighbour-
ing DNA that is not selfish. ERVs from the HERV-H family have diverged particularly
quickly and in a manner that correlates with their level of transcription in human stem
cells. A substitution into a highly transcribed HERV-H has a selective coefficient of the
order of 10~%. This is large enough to suggest these substitutions are not dominated

by drift.

Conclusions

ERVs differ from other selfish DNA in the extent to which they diverge and appear
to have measurable effects on hosts, even after fixation. The effects are strongest for
HERV-H and suggest that the HERV-H transcriptome has recently evolved under the
influence of directional selection. As there are many HERV-H loci distributed across
the ape lineage, our results suggest that in future this family can be used to model the

evolutionary consequences of ERV exaptation in primates and other mammals.

3.2 Background

As an obligate part of their lifecycle, retroviruses integrate their genomes into their
host’s nuclear DNA. This integrated retroviral genome is referred to as a provirus.
Sometimes integration occurs in a germ line cell, and if the integration is not too dam-
aging to the host, then it becomes possible for proviral DNA to be passed in a vertical
(Mendelian) way from parent to offspring. An initial vertical transmission is known
as an endogenization and the inherited proviral DNA is known as an endogenous
retrovirus (ERV). Over time, some ERVs reach high frequencies or fixation in a host
population and it is therefore possible to detect the traces of ancient viral infections,
often in fragmented form, by examining modern genomes.

As transposable elements (TEs) with an RNA intermediate form, ERVs can be

thought of as selfish DNA (Orgel and Crick, 1980; Doolittle and Sapienza, 1980). The
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term ‘selfish DNA’ refers to sequences that are present in genomes in multiple copies
largely due to their ability to replicate themselves rather than because they provide
any benefit to the host. Although selfish entities can replicate, they do not seem to
expand genomes indefinitely, probably because they impose a selective cost (Boissinot
et al., 2006; Petrov et al., 2011). Selection will act against individual TEs, especially if
they are very harmful. This selective cost has lead to the evolution of host defences
(Johnson, 2007). Host defences are not perfect however, and TEs can still saturate a
genome unless selection against them increases sufficiently quickly with respect to
mean element copy number per individual (Johnson, 2007; Charlesworth et al., 1994).
In other words, as TEs do not fill up our genomes, population genetics suggests they
must be harmful, and as TEs can increase their copy number, some fraction of TEs may
fix, even when they have a cost to their host.

The cost of harbouring TEs is often categorized as arising in three ways (Gon-
zalez and Petrov, 2012), all of which apply to ERVs. The first cost of TEs is due to the
fact that they can be present in many copies in the genome. As repetitive sequence
they may increase the occurrence of ectopic recombination whereby meiotic crossover
occurs between TEs from the same family that are located in non-homologous parts
of the genome (Hughes and Coffin, 2001). The probability of ectopic recombination
between two sequences is thought to be related to length of uninterrupted similarity
between them (Opperman et al., 2004), and as ERVs are longer than typical TEs, two
particular ERVs may be more likely to ectopically recombine than, say, two particular
SINEs. The second cost of TEs is due to the possibility that an element may insert
itself into a functional region of the genome in a way that disrupts the ability of the
host to survive. Insofar as ERVs retain their ability to retrotranspose (i.e. insert a copy
of themselves into a new chromosomal location within a cell) or to reinfect (i.e. in-
sert a copy of themselves in a potentially different cell after performing a cell exit and
subsequent cell entry), it is clear that ERVs present the same risks as other TEs in this

respect. The third cost of TEs is the cost to the host due to the mechanism of repli-
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cation itself. For ERVs, particularly recently integrated ones, this cost may be severe,
as ERVs contain viral genes that were selected to allow exogenous viruses to circu-
late between hosts. This means that in addition to the side-effects that are common
to all retrotransposons, such as those due to the production of an intermediate RNA
form, ERVs can have additional effects. An example of an additional effect is virion
formation, the costs of which can include immune responses or the infection and mu-
tagenization of cells throughout the body (Young et al., 2013). Indeed, it is ERVs that
mitigate the consequences of their history as horizontally infectious agents by losing
their envelope gene that are exactly those that proliferate most effectively in the long
term (Magiorkinis et al., 2012).

Despite the ways in which ERVs can be harmful, there are an increasing num-
ber of described cases where ERVs may be conferring some benefits to their host. For
example, recent debate has occurred over the significance of the fact that ERVs exhibit
relatively high levels of placental transcription (Sanford et al., 1985; Red-Horse et al.,
2004; Golding et al., 2010; Rowe and Trono, 2011; Smith and Meissner, 2013), the fact
that some retroviral promoters are exclusively expressed in the placenta (Schulte et al.,
1996; Bi et al., 1997), and the fact that genes derived from ERVs have frequently been
co-opted for placental function (Lavialle et al., 2013). One suggestion, as proposed
by Chuong (2013), is that ERVs and the placenta are in symbiosis: placental expres-
sion of ERVs is tolerated because ERVs were involved in the origin of the placenta via
the creation of the trophoblast cell lineage and because, since then, ERVs have con-
tinued to play important roles in placental function. It is argued that long terminal
repeats (LTRs) of ERVs act as mobile promoters that can rapidly rewire gene regula-
tion networks in a way that may be crucial to the origin and evolution of a new cell
type. This hypothesis is interesting but controversial (Haig, 2012, 2013) as from a viral
perspective placental expression may allow ERVs to segregate with greater than even
odds from heterozygous mothers and also provide a mechanism by which a father can

infect a mother and all of her future offspring.

44



A more concrete example of exaptation also hinges on the ability of ERVs to
facilitate widespread transcriptional rewiring and comes from studies that highlight
the participation of ERVs in the initiation and maintenance of stem cell identity. It
has been shown that of 1,225 full-length copies of HERV-H in the human genome, 550
are actively transcribed in human pluripotent stem cells at levels that are positively
correlated with the integrity of their 5° LTRs (Wang et al., 2014). In human embry-
onic stem cells, the transcription factor LBP9 has been shown to drive production of
stem cell specific HERV-H associated chimeric transcripts and long non-coding RNAs
(IncRNAs), the latter having been shown to be essential for the maintenance of a stem
cell like state (Wang et al., 2014). Elsewhere it has been independently shown that
HERV-H knockdown downregulates pluripotency markers, and that HERV-H tran-
scription is necessary for both the creation and maintenance of stem cell identity (Lu
etal., 2014). Furthermore, a large scale analysis of both the mouse and the human stem
cell transcriptome suggests that LTR derived transcripts are under the direct control of
the main stem cell specific transcription factors (Fort et al., 2014). Research on mouse
has produced related results, and the MuERV-L family of ERVs has been shown to
produce chimeric transcripts originating from over 300 LTR loci, the activity of which
appear to grant some totipotent like properties to induced and embryonic stem cells
(Macfarlan et al., 2012). The weight of evidence from these studies does suggest that,
at least for some part of their history, a proportion of ERVs have contributed in impor-
tant ways to host function.

In this paper, we consider the degree to which ERVs in general are active parts
of the genome rather than inert sequences that lost their effects on hosts prior to fixa-
tion. Given viruses and TEs can be so disruptive to the host, ERVs that are observed
in contemporary genomes have often been assumed to be effectively harmless and to
evolve neutrally. However, we do not have a clear picture of the costs, benefits and
frequency of ERVs in ancient populations that are necessary to support such assump-

tions. At one extreme, some ERVs we observe today may be members of families that
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were both prolific and harmful in ancestral populations, so that the fixation of some
deleterious ERVs was an inevitable consequence of their ability to replicate quickly.
On the other hand, ERVs may have been frequently co-opted due to the pre-packaged
functions they provided, with the benefits of these functions balancing out any dele-
terious side effects. In this study we examine orthologous ERVs in human and chimp
genomes and compare their divergence since the split between the two species. If
ERVs are indeed inert they should have evolved neutrally after they reached fixation.
On the other hand, if ERVs had an effect on the host they should have evolved at
rates that differ from the neutral rate. In particular, ERVs that are conserved will have
evolved more slowly than the neutral rate while ERVs should only have evolved more
quickly than expected if they were useful to the host and underwent adaptation, or if

they were still harmful to the host and were degraded.

3.3 Results

We wanted to see if recently integrated proviruses accumulated mutations more quickly
than neighbouring DNA. Our approach was to examine substitutions into ERVs and
their neighbouring genomic sequence that lead to differences between human and
chimp. To achieve this goal we identified ERVs and their flanking DNA from both
species. Using bioinformatics tools, we searched the human and chimp genomes for
full-length ERVs using a broad spectrum of retroviral probes. We then attempted to
associate the results of our search process in terms of orthology: by using a two stage
pairwise alignment process we deemed sufficiently similar sequences originating from
syntenic chromosomes in different species as paired orthologues. In the rare case that
there was evidence of paralogy we excluded all the paralogous regions from the study:.
Overall, we identified 336 chimp-human pairs of sequence from a variety of genomic
locations (Table 3.1). The ERVs in the sequence were from a variety of families (Table

3.2). We carefully pairwise aligned these ERV containing sequences, masking regions
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that were badly aligned and could not be safely included in the study.

linkage | count
1 29
2 29
3 38
4 22
5 11
6 25
7 36
8 22
9 9
10 11
11 16
12 10
13 8
14 10
15 7
16 5
17 2
18 2
19 19
20 2
21 8
22 0
X 15

Table 3.1: Chimp-human orthologue linkage. We detected 336 pairs of ERV containing
sequence from chimp and human genomes. Note: ch2a/2b (chimp) were paired with
ch2 (human).

Each of the 336 pairs of ERVs in our study are contained in a 40 kb region of
DNA. Inspection of these regions reveals they are mostly comprised of repetitive ele-
ments. Some of these repetitive elements are typically selfish (e.g. DNA transposons)
whereas a minority (e.g. tRNA) are essential to the host. Substitution into regions
that are useful to the host will generally be constrained as mutations in these regions
are likely to be deleterious. We are interested in whether substitutions into ERVs are
more common than substitutions into other selfish elements. To determine this we
classified all columns of our alignments as one of: provirus (PV); repetitive and selfish

DNA (RM™T); and non-repetitive or repetitive but non-selfish (RM ™). The sequence
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family autosomal | X-linked
ERV-9 57 1
HERV-ADP 1 0
HERV-E 10 1
HERV-F type_b 2 0
HERV-H 58 6
HERV-I 23 0
HERV-K(HML2) 101 4
HERV-K(HML5) 11 1
HERV-K(HML6) 12 0
HERV-K(HML9) 1 0
HERV-L 1 0
HERV-P 2 0
HERV-R 5 0
HERV-T 4 0
HERV-U3 1 0
HERV-W 19 0
HERV-XA 1 0
RRHERV-I 6 1
Unclassified 6 1

Table 3.2: Chimp-human orthologue family, by linkage. ERV family was assigned
using the best matching viral pol probe (see Detecting ERVs in Methods).
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classified as PV was the result of our original search for ERVs and the categories RM ™
and RM™ were assigned to the flanking regions of ERVs by using RepeatMasker anno-
tations. Because CpG sites are known to mutate quickly, we censored these sites in our
analyses; all results pertain to censored analyses unless we explicitly state otherwise.

Overall, the following site patterns were observed for each of the three categories of

sequence (Table 3.3, Table S1 in Supplementary File 3.1).

chimp:human autosomal X-linked

PV RM™* RM™ PV RM*™ | RM~
A:RA 591392 | 1603551 | 1145366 | 26509 | 83350 | 43123
A:T 888 2496 1390 38 105 45
A:G 3650 8749 5067 112 335 155
A:C 1104 2678 1593 41 111 46
A:? 0 0 0 0 0 0
T:A 984 2572 1456 28 90 41
T:T 597941 | 1609580 | 1151417 | 26035 | 87639 | 43695
T:G 1197 2816 1527 57 109 62
T:C 3636 8534 4949 127 338 172
T:? 0 0 0 0 0 0
G:A 3294 8415 4950 131 389 144
G:T 1143 3034 1688 35 108 51
G:G 450769 | 1135140 | 703983 | 22571 | 56854 | 24790
G:C 974 2586 1439 29 105 51
G:? 0 0 0 0 0 0
C:A 1206 2935 1652 26 102 46
C:T 3394 8432 4957 120 328 183
C:G 986 2623 1400 31 91 55
c:C 460550 | 1128491 | 698783 | 18236 | 56537 | 25202
C:? 0 0 0 0 0 0
?:A 5 0 2 0 0 0
2:T 0 1 2 0 1 0
2:G 1 0 1 0 1 0
2:C 1 4 0 0 0 0
2:? 0 0 0 0 0 0
total 2123115 | 5532637 | 3731622 | 94126 | 286593 | 137861

Table 3.3: Site patterns observed across CpG censored alignments. Patterns were ob-
served at sites classified as one of: ERV (PV); selfish DNA (RM™); or non-repetitive or
repetitive but non-selfish (RM ™).

Hoping to take account of any differences in local mutation rates in the genome,

we first considered each of the 336 pairs of virus containing sequences individually i.e.
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due to their physical co-location, we considered PV and RM ™ as paired measurements.
We found that PV divergence is significantly greater than RM ™ divergence for autoso-
mal ERVs (Wilcoxon signed-rank test, W = 32602.5, p < 0.0001) with a small median
difference of 0.001 substitutions per site. We also found that median PV divergence
was greater for autosomal ERVs than for X-linked ERVs (Wilcoxon signed-rank test,
W = 3178, p = 0.018) by a distance of 0.002 substitutions per site.

As we found that proviruses diverged faster than other selfish DNA we wanted
to see if this effect was related to the age of viral integration. To do this we searched for
each ERV’s full-length representative in the gorilla, orangutan, and macaque genomes,
using the same method as that for the human and chimp. For each chimp-human or-
thologue we aimed to identify the lineage that split earliest from the lineage leading
to chimp/human that also contained the particular ERV in question. In other words,
we identified a minimum age bound for each ERV by examining progressively more
distant relatives. As this approach relied on the ability of LTR detection software to
detect a full-length ERV in more than one species, the age classification was approxi-
mate. There were 187 ERVs for which no additional orthologue was found (CH) and
149 ERVs that were confirmed to be at least as old as the gorilla split (CH™): there were
77 ERVs for which gorilla was the earliest split (CHG), 70 ERVs for which orangutan
was the earliest split and 2 ERVs for which macaque was the earliest split (CHGO™).
Considering the difference between PV divergence and RM ™ divergence we found
that the potentially youngest ERVs (CH) had diverged significantly more since the
chimp-human split than those that were confirmed to be at least as old as the gorilla
split (CHG) but that there was no significant difference between PV divergence and
RMT divergence for the CHG and CHGO™ categories (Figure 3.1). We therefore report
that the potentially youngest ERVs (CH) had diverged significantly more (Wilcoxon
signed-rank test, W = 16110, p < 0.01) since the chimp-human split than those that
were confirmed to be at least as old as the gorilla split (CH). The median difference

in divergence between PV and RM™" was 0.0012 substitutions per site for alignments
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in CH and 0.0003 substitutions per site for alignments in CH™*.

CHGO+| © H
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divergence PV - divergence RM+

Figure 3.1: Difference in divergence between PV (ERVs) and RM™ (selfish DNA)
for chimp-human orthologues, aggregated by age. Age categories were assigned to
chimp-human orthologues by identifying the most distant primate relative in which
the orthologous sequence could also be found. Category CH contains ERVs detected
in chimp and human only (187 ERVs); category CHG contains ERVs for which go-
rilla was the most distant relative in which an ERV was detected (77 ERVs); category
CHGO™ contains ERVs for which orangutan (70 ERVs) or macaque (2 ERVs) was the
most distant relative in which an ERV was detected. (Note: whiskers estimate 95%
confidence intervals, filled dots represent median values, unfilled dots represent out-
liers.)

As can be seen in Figure 3.2, it appears as if HERV-H is responsible for much
of the divergence in the CH category. This was confirmed by re-running our analyses
with the 64 HERV-H removed from our dataset. In this case, a significant age effect
was no longer observed. Further investigation showed that the difference in diver-

gence between PV and RM™ is significantly greater for HERV-H than for ERVs that
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are not classified as HERV-H (Wilcoxon signed-rank test, W = 12675, p < 0.0001) with
a median difference between PV and RM™ of 0.0026 substitutions per site for HERV-
H and 0.0003 substitutions per site for ERVs that are members of any other family.
Assuming that substitutions into RM™ are the result of neutral semi-dominant muta-
tions, the ratio of these divergence values suggests a median selection coefficient of
2.3 x 107> for younger CH ERVs. Moreover, the upper quartile (16 out of 64) of all
HERV-H selection coefficients are not small (2Ns > 1), ranging from 5.0 x 107 to
2.0x 107

The differences we observed between PV and RM ™ were quite large. For this
reason we examined how divergence related to transcription, for HERV-H orthologues
only, and to virus length, LTR length and the percentage of an ERV’s environment that
was selfish (RM™) for all orthologues. Pairing our orthologues with transcription ac-
tivity data (Wang et al., 2014) we found that the log ratio of PV divergence to RM ™"
divergence was significantly correlated with the log of the average transcription level
of HERV-H in human embryonic stem cells (hESC) and induced pluripotent stem cells
(hiPSC) using both linear models (R> = 0.23, p < 0.0001) (Figure 3.3) and nonpara-
metric tests (Kendall’s rank correlation, T = 0.315, p < 0.001). Using the transcrip-
tion activity categories of (Wang et al., 2014), we further found that this divergence
ratio was higher for 12 “highly-active” ERVs than for 22 “moderately active” ERVs
(Wilcoxon signed-rank test, W = 197, p < 0.01), the 22 “moderately active” ERVs in
turn had a higher divergence ratio than the 29 “inactive” ERVs (Wilcoxon signed-rank
test, W = 424, p = 0.023) (Figure 3.4). The median selection coefficients for tran-
scriptionally “highly active”, “moderately active” and “inactive” HERV-H ERVs are
5.7 x 1072, 2.6 x 1072 and 1.3 x 107 respectively. We further found that, across all
ERVs, the log ratio of PV divergence to RM ™ divergence was significantly positively
correlated with LTR length (Kendall’s rank correlation, T = 0.121, p < 0.001) and
significantly positively correlated with the percentage of the flanking DNA of an ERV
that is non-selfish (RM™) (Kendall’s rank correlation, T = 0.140, p < 0.0001). These
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Figure 3.2: Relative divergence of PV (ERVs) and RM™ (selfish DNA) aggregated by
age and ERV family. ERV family was assigned using the best matching viral pol probe
(see Detecting ERVs in Methods). Age categories were assigned to chimp-human or-
thologues by identifying the most distant primate relative in which the orthologous
sequence could also be found. Category CH contains ERVs detected in chimp and
human only (187 ERVs); category CH" contains ERVs detected in a primate beyond
human and chimp (149 ERVs).
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correlations remained significant (p < 0.01) even if HERV-H were excluded from our
dataset. We did not find a positive correlation between virus length and divergence

(Kendall’s rank correlation, T = 0.10, p = 1.00).

-0.5 -

log(divergence PV) - log(divergence RM+)

log(expression in RPKM)

Figure 3.3: Relative divergence of HERV-H loci and RM™ (selfish DNA) correlates with
stem cell transcription. The log of the average transcription level (in reads per kilobase
of transcript per million reads mapped) (Wang et al., 2014) of 63 HERV-H loci across
hESC and hiPSC is correlated (R?> = 0.23, p < 0.0001) with their divergence since the
chimp-human split.

Our results show that ERVs (PV) experience faster evolution than nearby selfish
DNA (RM), particularly if the ERVs are potentially younger (CH), and particularly
if they are HERV-H. Our results also show that ERVs evolve faster if they have longer
LTRs and are located regions of the genome with less selfish DNA, and that autosomal
ERVs evolve faster than X-linked ERVs. The faster evolution of ERVs than nearby

selfish DNA might be due to selective forces or to mechanistic factors.
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Figure 3.4: Fig. 4 Excess divergence of HERV-H grouped by categorical transcription
levels in human stem cells. The difference in divergence between PV (ERVs) and RM ™
(selfish DNA) of 63 HERV-H loci (12 “highly active”, 22 “moderately active”, 29 “in-
active”) increases with their categorical transcription levels (Wang et al., 2014) across
hESC and hiPSC.
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To investigate sex-effects and dominance, as well as the aforementioned mech-
anistic factors, we aggregated the sequence from our 336 orthologous stretches of ERV
containing DNA, combining sequence based on its linkage (autosomal or X-linked)
and its classification (PV, RM* or RM~). We found that ERVs (PV) diverged more
quickly than repetitive and selfish flank (RM™), that in turn diverged more quickly
than non-repetitive or repetitive but not selfish flanking DNA (RM™) (Table 3.4, Fig-
ure 3.5). This was true for the autosome and the X-chromosome, whether or not we
censored CpG sites. The divergence values in (Table 3.4) imply selection coefficients
of 1.3 x 107° and 2.4 x 10~ for autosomal and X-linked ERVs before the censoring of
CpG sites and 4.7 x 107% and 6.7 x 10~° after censoring. We observe that in all cases
these are small forces (2Ns < 1) and that for both censored and uncensored sites the
ratio of autosomal to X-linked relative divergence suggests that mutations into ERVs

are recessive.

uncensored (CpG™) censored (CpG™)
linkage | class | EQ*/~ | EQ? EQ- | EQY/~ | EQ* EQ~
PV | 0.01649 | 0.0143 | 0.00222 | 0.01066 | 0.00885 | 0.00182
RM™ | 0.01446 | 0.0123 | 0.00217 | 0.01017 | 0.00831 | 0.00187
RM™ | 0.01144 | 0.00969 | 0.00177 | 0.00865 | 0.00712 | 0.00154
PV | 0.01365 | 0.01182 | 0.00184 | 0.00829 | 0.00694 | 0.00135
RM™ | 0.01087 | 0.00929 | 0.00159 | 0.00776 | 0.00639 | 0.00137
RM™ | 0.01005 | 0.00841 | 0.00166 | 0.00767 | 0.00627 | 0.0014

X| x| <[> > >

Table 3.4: Divergence aggregated by class, linkage, CpG censoring, and differences
used. Differences used were classified as: all differences (EQ*/~); CG equilibrating
differences only (EQ™); and non CG equilibrating differences only (EQ™). Sites were
classified as one of: ERV (PV); selfish DNA (RM™); or non-repetitive or repetitive but
non-selfish (RM ™).

In our study we make comparisons between ERVs (PV) and repetitive and self-
ish DNA (RM™) that are paired as we expect pairs of sequence to share a similar ge-
nomic environment e.g. similar mutation rates. We also compare the aggregate of all
ERVs in our study to the aggregate of all repetitive and selfish DNA in our study. This
aggregation disassociates paired ERV and flanking sequence, yet an elevated diver-

gence effect is still visible for ERVs. We found the difference between PV and RM™
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Figure 3.5: Divergence aggregated by linkage and sequence classification. ERVs (PV)
diverge faster than selfish DNA (RM™) which diverges faster than non-repetitive or
repetitive but non-selfish DNA (RM™). Autosomal loci (A) diverge faster than X-
linked (X) loci.
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under aggregation to be 0.0005 substitutions per site i.e. effectively the same as the
small median difference between paired autosomal PV and RM™ sequence of 0.001
substitutions per site that we mention above. Nevertheless, all repetitive and selfish
DNA discussed so far originated from a location within 40 kb of a full-length ERV by
experimental design.

Given the high divergence of HERV-H orthologues, we conducted an additional
analysis targeting the six highly active HERV-H orthologues that could be located
in long primate alignments. Our motivation was to explore whether ERVs drawn
from the fastest diverging group in our study could still be considered to be diverging
quickly if we compared them to RM™ regions located at greater distances. This anal-
ysis revealed that HERV-H orthologues were local divergence maxima (Figure 3.6)
and also that an equivalent or greater divergence occurs only when analyzing regions
centered on 1-13% of the loci in these alignments. Furthermore, examining the neigh-
bourhood of the ERVs it is clear that they are not located exclusively in regions that
are otherwise slowly evolving (plots for ch5 and ch7 reveal nearby sequence that di-
verges at greater than the alignment mean) but neither are they located exclusively in
regions that evolve quickly as a whole (plots for ch14 and chX reveal nearby sequence
that diverges at less than the alignment mean). These analyses suggest that our results
are not a consequence of ERVs (PV) depressing the divergence of nearby repetitive
and selfish flank (RM ™). Additionally, as these results indicate that we could find re-
gions that diverged either faster or slower than any particular ERV if we looked far
enough away, they support our decision to consider regions that are close to and of a
comparable length to ERVs in our other analyses.

Other factors beside selection can influence substitution rates. These include a
mutation bias that means that GC nucleotides preferentially decay into AT nucleotides
and biased gene conversion. The effect of biased gene conversion may be quite small,
but it can be expected to favour the segregation of GC over AT nucleotides. We in-

vestigate these two effects below. Interestingly, for RM™ sequences, we found that
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Figure 3.6: Divergence of six long alignments containing “highly active” HERV-H loci.
The divergence of RM™ (selfish DNA) including HERV-H sequence (PV) is plotted
(blue line) against alignment coordinates using a sliding window of the same length
as the HERV-H in each alignment. The grey horizontal line represents the mean di-
vergence of RM ™ across the alignment. The magenta horizontal line is a reference line
indicating the divergence of the window centred on the HERV-H (i.e. the divergence
of PV); the associated percentage gives the percentage of windows for which diver-
gence is at least as great as the divergence of the HERV-H. Inner vertical dashed lines
mark a window centred on the HERV-H. Outer vertical dotted lines mark a region of
length 40 kb that is centred on the HERV-H. RefSeq gene annotations appear in black.
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divergence was not significantly correlated with GC content for both the CH category
(Pearson’s product-moment correlation, r = 0.13, p = 0.07) and for the CH™" category
(Pearson’s product-moment correlation, r = 0.01, p = 0.86). We further found that, for
PV sequences, divergence was not significantly correlated with GC content for either
the CH category (Pearson’s product-moment correlation, r = 0.05, p = 0.48) or for
the CH™ category (Pearson’s product-moment correlation, r = 0.07, p = 0.37). This
demonstrates that GC content has not driven the divergence of the ERVs or nearby
selfish DNA in our dataset. (Indeed, it is visually clear that different ERV families
maintain distinct GC compositions on the timescale of our study as is shown in Fig-
ure S1 in Supplementary File 3.1) Nevertheless, as we observed that a large fraction
of young CH ERVs with larger differences between PV and RM™ divergence were
classified as HERV-H (Figure 3.2), a family with relatively high GC content, we also
performed AIC forward-backward stepwise model selection with the log of the ra-
tio of PV divergence to RM™ divergence as a response variable and age (CH/CH™),
ERV family (HERV-H or not HERV-H), and the log ratio of PV to RM" GC content as
explanatory variables. We found that ERV family was the only significant predictor
retained by this process, further evidence that the faster evolution of ERVs (PV) com-
pared to their neighbouring selfish DNA (RM™) was not due solely to differences in
GC content.

As both mutation bias and gene conversion would act to introduce differences
that changed GC content, we also divided all substitutions (EQ*/ ~) into equilibrating
mutations (EQ ™) between G or C and A or T and non-equilibrating mutations between
Gand Cor A and T (EQ™) (Table 3.4). Consistent with the above results, for mutations
that were EQ™, we found that PV sequence evolved faster than RM* sequence that
in turn evolved faster than RM™ sequence. In contrast, we found that in the EQ™
category, RM " sequence actually diverged slightly more than PV sequence on both
the autosome and the X-chromosome. We note that transitions are excluded from the

non-equilibrating EQ™ category, and that sequences diverge roughly ten-times less
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when only these substitutions are considered.

As we had observed that censoring CpGs reduced divergence by up to 0.006
substitutions per site we examined the dinucleotide composition of our data (Table S2
and Figure S2 in Supplementary File 3.1). We found that the dinucleotide composition
of PV sequence differed significantly from RM™ and RM~ sequence and so we cannot
formally rule out the possibility that the greater divergence of PV versus RM™ is due

to unidentified context dependent effects.

3.4 Discussion

We have shown that endogenous retroviruses (ERVs) have diverged more at the nu-
cleotide level than other selfish DNA since the chimp-human split. We have further
shown that this effect is positively correlated with both the length of an ERV’s LTR
and with the percentage of an ERV’s neighbouring DNA that is non-repetitive or non-
selfish. The faster evolution of ERVs is especially noticeable for younger members of
the HERV-H family, in which case the relative divergence of an ERV when compared
to neighbouring selfish DNA correlates well with the level of transcription of the ERV
in human stem cells. Our results show a hierarchy of divergence, with ERVs having
diverged more than selfish DNA, which in turn has diverged more than non-repetitive
or repetitive but non-selfish sequence. We have attempted to rule out mechanistic ex-
planations for our observations and suggest that directional selection is responsible
for our results. If the higher divergence of ERVs when compared to other selfish DNA
is due to selection then the relative rate of evolution on the autosome compared to
the X-chromosome suggests that the mutations that are acted upon are, on average,
recessive in nature.

One explanation for selection leading to a faster substitution rate into ERVs
than other selfish DNA relates to the cost of an ERV’s mechanism of replication. More

than a dozen ERVs in the human genome contain open reading frames (Young et al.,
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2013; Lavialle et al., 2013) but none of the consensus sequences from the ERVs we ex-
amined (where present in more than two species) did. This accords with the notion
that ERVs are generally fragmented. However, ERVs can have many effects that do
not depend on complete coding genes. In general, ERVs can act as promoters or en-
hancers in opposition to the interests of the host by recruiting transcription factors
and interfering with the regulation of nearby host genes (Gonzalez and Petrov, 2012;
Isbel and Whitelaw, 2012). The effect of this family of disruption can be severe, as
is the case for Hodgkin’s lymphoma, which appears to be conditional upon the de-
repression of MaLR LTRs (Lamprecht et al., 2010). The transcription of ERVs also di-
verts RNA polymerase from host genes and produces mRNA that may interfere with
the preferred regulatory dynamics of the host cell (Young et al., 2013). In some cases
such transcripts are known to trigger harmful autoimmune responses such as those
that occur in TREX1 deficient mice (Gall et al., 2012) while in other cases transcripts
have been shown to hybridize to produce replication competent (pathogenic) viruses
(Bartosch et al., 2004; Young et al., 2012). For fixed ERVs, these kinds of disruption are
likely relatively rare or of mild effect, and this is consistent with the observation that
in general, the relative divergence of ERVs (as compared with selfish DNA) implies
only small selective coefficients. Our observation that ERVs that are surrounded by
more selfish DNA diverge more slowly than those surrounded by more non-selfish or
non-repetitive DNA is consistent with the idea that the extra mutations we observe
in ERVs may be mitigating the transcriptional disruption ERVs cause to nearby host
sequence. So, some of the excess divergence we see in ERVs may be due to their re-
maining capability to recruit transcription machinery and produce transcripts.

There is another reason we might expect selection for substitutions into ERVs,
and this relates to an ERV’s repetitive nature, a property shared by all selfish DNA.
As repetitive sequences, ERVs can increase the probability of harmful ectopic recom-
bination (Hughes and Coffin, 2001; Campbell et al., 2014). The effects of such recom-

bination can be catastrophic to the host, for example, infertility (Kamp et al., 2000; Sun
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et al., 2000). Using population data, it has been concluded that negative selection act-
ing against full-length polymorphic members of the human specific L1 Tal subfamily
of LINEs is roughly 2 x 10~* (Boissinot et al., 2006). This is one order of magnitude
larger than the largest median selective coefficient we derive using the same effective
population size. We do not expect fixed ERVs to cause as much harm via ectopic re-
combination as LINEs that are removed from the population before fixation, however,
we do find that the relative divergence of (whole) ERVs increases with LTR length.
Our finding might be due to longer LTRs acting as better promoters, however, it is
also consistent with the hypothesis that longer LTRs are more likely to ectopically re-
combine. This is an idea supported by evidence that purifying selection against TEs in
Drosophila melanogaster increases with element length (Petrov et al., 2011). The fact that
we found no similar correlation between ERV length and divergence may reflect the
fact that the probability of ectopic recombination increases with the number of possi-
ble pairings of near-identical elements present in an individual, and therefore roughly
with the square of element number. As most ERVs are present only as solo-LTRs, and
as each full-length ERV includes two LTRs, the probability of recombination between
LTRs is expected to be very much greater than the probability of recombination be-
tween viral regions. Therefore, in short, there is both evidence and reason to believe
that ectopic recombination may make some contribution to increasing the rate of di-
vergence between orthologous ERVs.

In this study, we have made comparisons between ERVs (PV) and selfish DNA
(RM™). This seemed like a pragmatic way to obtain selection coefficients that charac-
terized the differences between ERVs and sequence that is usually assumed to evolve
neutrally. However, it should be noted that our assignment of sequence to one of three
categories is crude and suggests that the differences we have reported between ERVs
and their surrounding DNA may underestimate the selective forces acting upon ERVs.
We have argued that ERVs diverge at faster than neutral rates because they sometimes

have an effect on the host, even after fixation. Some of these effects are due to prop-
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erties shared by most TEs, particularly the potential for ectopic recombination or the
disruption of transcription. If ERVs diverge faster than other selfish DNA in part be-
cause of properties they share with other TEs, then some portion of TEs should also
be expected to diverge at faster than neutral rates. These TEs are assigned to the RM™
category and therefore we compare ERVs to sequence that is, on average, potentially
also evolving at faster than neutral rates. For this reason we consider our selection
coefficients conservative lower bounds.

The primary goal of this study was to determine whether, on aggregate, ERVs
(PV) have had a measurable effect on their hosts. Under our assumptions this could
have been seen in one of two ways. First, ERVs could have been conserved relative
to neutral (RM ™) rates. Second, ERVs could have diverged more quickly than neutral
rates. In fact, we observed the second possibility. It is interesting that this is the case
but this is not the whole story. We can compare the divergence of ERVs (PV) and
selfish DNA (RM ™) to non-repetitive or repetitive but non-selfish flank (RM ™). Doing
so reveals that the distribution of RMT:RM ™ is shifted to the left of and more peaked
than that of PV:RM™ (Figure S3 in Supplementary File 3.1). In other words, relative to
non-repetitive or non-selfish DNA, some ERVs diverge more slowly than most other
selfish DNA, even though the average ERV is a faster evolver. (The syncytins (Blond
et al., 2000; Blaise et al., 2003) are not part of our dataset but are ERVs that would
presumably exhibit such behaviour.) These issues have not been a focus of our study
but warrant further investigation because if fixed ERVs have a different distribution of
effects to other TEs then they probably have different kinds of effects too. In particular,
they may be more often co-opted than other TEs.

Not all of the effects we observed were small. In particular, we observed that
the median relative divergence of highly transcribed HERV-H implies a selection co-
efficient of 5.7 x 107°. This is closer to the selective force acting on a polymorphic
LINE and is large enough to be of interest. This is particularly true as we know that

highly transcribed HERV-H ERVs are functional components with respect to the reg-

64



ulation of stem cell identity (Wang et al., 2014). As we have shown that the relative
divergence of HERV-H increases with their transcriptional activity we suggest that the
excess substitutions we observe are tuning the transcription levels of these ERVs in
stem cells. What is less clear is whether such tuning is associated with adapting pre-
existing, necessary and stable host functions (Wittkopp and Kalay, 2012), or whether it
is instead alleviating the cost of transcription as a side effect of the co-option of a sub-
set of HERV-H (Young et al., 2013). For example, it may be that the HERV-Hs that we
observe evolving quickly are doing so because they promote functional IncRNAs or
chimeric transcripts at a level that needs to be adjusted. Such adjustment might have
been necessary due to differences between the biological challenges faced by human,
chimp and their common ancestor. On the other hand, it may be that the co-option of
some functional HERV-H loci brought with it the unfortunate side effect of the tran-
scription of some different and purely selfish HERV-H loci. These loci would not be
at all useful to the host yet could, at an early stage of a host’s lifecycle, introduce any
of the previously discussed costs of ERVs. Selection on the host population would
be expected to attenuate these costs over time. These two possibilities will in future
need to be disentangled, but whatever the reality, we can see that actively transcribed
HERV-H has been diverging particularly quickly at the sequence level since the chimp-
human split and conclude that our selective coefficient provides a lower bound on the

magnitude of the forces acting upon it.

3.5 Conclusions

Endogenous retroviruses (ERVs) have evolved faster than other selfish DNA in hu-
mans and chimp. The divergence of ERVs relative to neighbouring selfish DNA is
positively correlated with the length of the long terminal repeat of an ERV and with
the percentage of neighbouring DNA that is non-repetitive or non-selfish. Members of

the HERV-H family evolve particularly fast and in a manner that correlates with their
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level of transcription in human stem cells. Assuming faster evolution is due to direc-
tional selection, the typical substitution into an ERV is recessive and a substitution into
a highly transcribed HERV-H has a selective coefficient of the order of 1 x 10~4, which
is not small. This suggests that the HERV-H transcriptome has recently evolved un-
der the influence of directional selection. Further work is needed to discover whether
HERV-H is the subject of adaptive regulatory change or whether co-opting some pro-
portion of ERVs has opened up the genome to the harmful effects of other unwelcome

retrovirally derived guests.

3.6 Methods

3.6.1 Detecting ERVs

A library of 771 viral pol genes were used as probes in a tBLASTn (Altschul et al.,
1990) search against five soft-masked primate genomes: human (Homo sapiens), chimp
(Pan troglodytes), gorilla (Gorilla gorilla gorilla), orangutan (Pongo abelii) and macaque
(Macaca mulatta). The genomes were obtained from the Ensembl project (Flicek et al.,
2012). The viral probes were selected to represent endogenous and exogenous retro-
viruses from a broad range of sources and are the same as those used in previous stud-
ies (Magiorkinis et al., 2012; Katzourakis et al., 2007b; Gemmell et al., 2013). The aim
was to identify as many ERVs as possible and a summary of the diversity of probes
is available in Tables S3 and S4 in Supplementary File 3.1. The 15kbp of sequence
centred on each of the resulting collection of 19,945 putative pol hits was processed
using the LTR detection and annotation software LTRharvest and LTRdigest (Stein-
biss et al., 2009). The original genomic location of the 5" start and 3’ finish of each LTR
was recorded for those regions containing paired LTRs. Locations containing at least
one retroviral gene (as detected by LTRdigest) beyond the pol identified by tBLASTn
were assumed to contain full-length proviruses and were retained for further process-

ing. Our goal was not to identify novel ERVs and confirmation that the location of our
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ERVs overlap with another study, as well as details of the locations identified by our
study, are contained in machine readable form in Additional file 2. Detecting orthol-
ogy between proviruses

Orthologue detection proceeded in two stages. First, the 20kbp surrounding
each putative full-length provirus (hereafter 20kbp excerpt) was used as a BLASTn
query in a search against every other syntenic 20kbp excerpt from every primate species.
Synteny mapping was based on chromosome name and therefore pairings could be
made between ERVs on human chromosome 2 and ERVs on chimp chromosomes 2a
or 2b. A local BLASTn alignment of length at least 7500 nucleotides and of at least 95%
identity between two 20kbp excerpts was considered suitable to qualify pairs of 20kbp
sequence as potentially orthologous. Second, the aforementioned candidate ortholo-
gies were investigated in detail by performing Needleman-Wunch pairwise global
alignment using the stretcher program (gap-open penalty 16, gap-extend penalty 4
and matrix EDNAFULL) from the EMBOSS software suite (Rice et al., 2000). A sam-
ple of over fifty candidate orthologies, picked uniformly at random, were examined
by hand. Upon inspection of these pairwise alignments it was determined that choos-
ing a minimum global identity of 85% and minimum global similarity of 85% would
sufficiently capture our intuition of orthology. That is to say, a lower threshold would
run the risk of pairing non orthologous sequence but a higher threshold would unnec-
essary exclude genuinely orthologous provirus and flank from our study. Alignments
of this kind (i.e. alignments indicating orthology) were noted. In the rare event that
two or more 20kbp excerpts were orthologous within the same species (a potential
paralogy) all homologous 20 kb excerpts across all species were excluded from further

analyses. This resulted in the removal of 32 paralogous pairs.

3.6.2 Annotating aligned provirus and flanking DNA

Once orthology had been determined we switched to using 40kbp excerpts (this did

not involve discarding any data). Orthologous 40kbp excerpts were pairwise aligned
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with the stretcher program using the same settings as mentioned above. Each 40 kb
alignment was annotated as follows. We classified each column of our alignment as
one of PV, RM™ or RM~. Membership of PV was determined by taking the union of
the two contiguous regions identified as an ERV due to running LTRharvest on each
of the chimp and human sequences in an alignment. The outermost 25 bp of this
union region was excluded from all analyses to take account of uncertainty over the
ability of LTRharvest to sharply identify the precise endpoints of 5" and 3" LTRs. The
remaining flanking columns of each alignment were then classified based on their Re-
peatMasker annotation. We obtained RepeatMasker annotations for all of our 40kbp
excerpts by submitting them to repeatmasker.org using settings cross_match and
speed/sensitivity slow. The category RM™ contained sequence classified as
DNA, LINE, Low_complexity, LTR,RC,Retroposon, Satellite, Simple_repeat,
SINE or Unknown; the category RM ™ contained unmasked sequence or sequence clas-
sified as RNA, rRNA, scRNA, snRNA, srpRNA or tRNA. All dinucleotide pairs in an
alignment were annotated as CpG sites if they were zero or one mutation away from
CG:CG or GC:GC, i.e. exhibited a potentially mutated cytosine or guanine, or if they
were of the form TG:CA or CA:TG, i.e. exhibited a potential common double transition

at both cytosine and guanine.

3.6.3 Alignment quality

When performing distance calculations we were concerned with ensuring that, as far
as possible, differences between sequences did not result from regions of bad align-
ment. To mitigate this possibility we excluded gapped and low complexity regions
from our final analysis using a program (available on request) that implemented the
following heuristic method. Alignments were broken into blocks separated by gaps or
low complexity regions of eight or more consecutive columns in length. Low complex-
ity sequence was defined as that masked by the dustmasker program of the BLAST

suite (Altschul et al., 1990). The edges of blocks of ungapped and unmasked sequence
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were examined six nucleotides at a time. If these six nucleotide regions contained
any mismatched bases the appropriate block had the six nucleotide region removed.
This process was repeated until blocks started and finished with regions containing six
identical nucleotides or were removed entirely. Only blocks of at least 20 nucleotides

in length were used in our analyses.

3.6.4 Calculating distances

All distances were calculated using PAML 4.8 (Yang, 2007). For per-alignment com-
parisons the K80 method was used. For aggregate comparisons both the K80 and the
GTR model were applied, though we found the two methods produced identical dis-
tances beyond the precision reported in our study. The overall number of patterns

used to calculate distances appear in Table 3.3 and Table S1 in Supplementary File 3.1.

3.6.5 Calculating selection coefficients

Assuming substitutions into RM* are neutral then a measure of the rate of substitu-
tion in the RM™ flank is also a measure of the neutral mutation rate u. We write the
elevated substitution rate into ERV DNA that we obtain from measures of divergence
of PV as . It is well known that the ratio A = % is directly related to the selec-
tion coefficient s acting on substitutions. Therefore, under the assumption of weak
selection, a Wright-Fisher model of drift and semi-dominant mutations (h = %) we
have: A = 2N(1 —exp(—s))/ (1 — exp(—2Ns)). As the diffusion equation from which
the previous equation is derived assumes a small s, it is common and numerically
convenient to use the approximation A = 2Ns/(1 — exp(—2Ns)) (Charlesworth and
Charlesworth, 2010). We take effective population size N = N, to be 10,000 in our

calculations (Boissinot et al., 2006).
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3.6.6 Calculating dominance

By calculating the relative divergence of autosomal and X-linked ERVs it is possible
to make statements about dominance (Vicoso and Charlesworth, 2006). Denote the
rate of substitution of mutations on the autosome as K4 = 2Nvapu 4, where 2N is the
number of copies of the autosome in a population, v4 is the probability of fixation of a
beneficial mutation, and 4 is the mutation rate. For the X chromosome the analogous
expression is Kx = %N vxHx, where we allow substitutions on the X chromosome to
derive from a process with its own mutation rate and probability of fixation.
Alignments of orthologous sequence provide chimp-human divergence val-
ues K4t (autosomal PV), u4t (autosomal RM ™), Kxt (X-linked PV) and uxt (X-linked
RM™), where t is the evolutionary time for which chimp and human have been sep-
arated. Let ratios of divergence be denoted by A and X so that A = Ks/pua and
X = Kx/ux. Using aggregated data we find that X > A (see Results section).
Assuming weak directional selection, and the population genetic framework in
Table 3.5, which allows separate selective coefficients s, in males and s £ in females,
the probabilities of fixation v, and vy are well approximated by 3h(sf + s,,) and
%(Zhs £+ sm) respectively (Charlesworth et al., 1987). These weak selection approx-
imations allow one to make statements about dominance and sexually antagonistic
selection. Based on our divergence data we are interested in cases when 2/ (s +sy,) <

2hs £+ sm. For positive sy, this occurs when (dominance) h < %

male female
A genotype A1A1 A1A2 A2A2 A1A1 A1A2 A2A2
fitness 1 1+hsy [1+s, |1 1—|—hsf 1+sy
linkage
X genotype | A; Ay A1A1 | A1Ar ArAsy
fitness 1 1+s, |1 1—|—hsf 1+sf

Table 3.5: The model of fitness effects of mutations into ERVs (PV) used in this study.
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3.6.7 Transcription data

We paired genomic coordinates located in the supplementary material of (Wang et al.,
2014) with the genomic coordinates of our 40kbp excerpts from human. Each HERV-H
locus in (Wang et al., 2014) was paired with its nearest syntenic 40kbp excerpt from
human if the distance between the centroids of the two sets of coordinates (theirs and
ours) was less than 2500 bp. This resulted in the association of 63 of the 64 of the
previously identified HERV-H ERVs in our dataset with 63 sets of transcription data.
No association between transcription data and ERVs from any other family was made.
The nominal transcription levels “highly active”, “moderately active” and “inactive”
are the same as those referred to in the main text and figures of (Wang et al., 2014)
and were read directly from the supplementary data. The continuous levels we dis-

cuss were obtained by taking the mean of the expression levels across all stem cell

measurements in the supplementary data (Wang et al., 2014).

3.6.8 Long distance analysis

To examine the divergence of regions greater than 40 kb in length we searched the
six-way EPO multiple alignments available from the Ensembl project for regions that
contained the coordinates of the 12 “highly active” HERV-H orthologues in our study.
Alignments for six of the 12 orthologues could be identified. We removed sequence
that was gapped in both chimp and human. We then annotated the chimp and human
sequence in the same way as our 40 kb alignments (described above). For each of the
six alignments we computed the divergence of sites classified as RM* or PV using a
sliding window. For any particular alignhment we used a natural window size of the

same length as the HERV-H region the alignment contained.

71



Chapter 4

A phylogenetic maximum-likelihood
analysis of endogenous retroviral

insertion and deletion in primates

4.1 Abstract

Background

As much as 8% of the human genome is thought to be made up of endogenous retro-
viruses (ERVs). ERVs are commonly found in two forms, the proviral form and the
more numerous solo-LTR form that is thought to be the result of homologous recombi-
nation. We introduce a phylogenetic framework to study ERV insertion and solo-LTR
formation. We then apply the framework to ERV site patterns generated by applying

a heuristic to a set of long alignments covering six primate genomes.

Results

We study six categories of ERVs and quantitatively recapitulate patterns of ERV inser-

tional activity that are often described in qualitative terms in the literature. We observe
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a slowdown in most ERV groups but suggest that HERV-K activity may have increased
in the last 8 Myr. We find that the rate of solo-LTR formation decreases rapidly as a
function of ERV age. We show that an age-dependent model of solo-LTR formation
describes the history of ERVs more accurately than the commonly used exponential
decay model. We find HERV-H loci are markedly less likely to form solo-LTRs than

ERVs from other families.

Conclusions

A previous finding that solo-LTR formation occurs rapidly can be phylogenetically
formalized and generalizes to the majority of ERVs in primate genomes. The use of
an exponential decay process to describe solo-LTR formation should be abandoned in
most cases. ERVs that are not solo-LTRs by an age of 5 Ma are unlikely to change state
as they age. Our findings are compatible with the hypothesis that solo-LTR formation
is prevented by mutational divergence. We suggest the lower probability of solo-LTR
formation for HERV-H loci supports a long-term host role for many elements from this

family.

4,2 Introduction

By definition, endogenous retroviruses (ERVs) are the result of a Mendelian (verti-
cal germ line) transmission of retroviruses from parent to progeny. Over many gen-
erations it is possible for an ERV to fix in a host population so that in humans, for
example, as much as 8% of the genome is thought to be retrovirally derived (Paces
et al., 2002). Studies have identified ERV activity dating back over millions of years
and in many species (Katzourakis, 2013). This activity is often classified by dividing
ERVs into particular groups or families. Some of these families, such as HERV-K, have
been shown to have been replicationally active until very recently (Subramanian et al.,

2011). Because demographic stochasticity and natural selection may act to keep novel
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ERYV insertions at low frequency, it is possible that HERV-K may still be replicating in
humans today (Belshaw et al., 2005a; Marchi et al., 2014).

Successful retroviral insertions or proviruses are known to possess a common
structure consisting of viral genes flanked by direct repeats known as long terminal
repeats (LTRs). ERVs that retain this characteristic viral structure are commonly de-
scribed as full-length ERVs. In addition to full-length ERVSs, endogenized viruses are
also found in a second, dramatically different form, referred to as a solo-LTR. A solo-
LTR is a solitary LTR that is missing its associated partner LTR and adjacent proviral
genes. Solo-LTRs are thought to be generated when paired LTRs undergo non-allelic
homologous recombination which results in a deletion and an associated acentric frag-
ment (Stankiewicz and Lupski, 2002), a piece of chromosomal material lacking a cen-
tromere that is unlikely to persist across many cell divisions. Clearly, like other ge-
nomic DNA, both forms of ERVs are also subject to ordinary mutational processes so
that over time they may become degraded or fragmented due to point mutations or
indel events.

Although most ERVs are thought to be functionally inert, several high-profile
studies have identified important biological roles for loci originating from several fam-
ilies. As an example, ERVs from the apparently replicationally inactive family HERV-
H have been shown to be essential to the definition of a naive-like stem cell state in
humans (Lu et al., 2014; Wang et al., 2014). Other very recent work on human spe-
cific HERV-K insertions shows that some loci from this family have phenotypic effects
including the modulation of cellar mRNAs and the production of viral like particles
(Grow et al., 2015). Across the mammalian clade the co-option of ERVs appears to be
an important and recurring phenomenon in placental evolution (Lavialle et al., 2013).
These headline discoveries rightly attract attention, but the repetitive and selfish na-
ture of the typical ERV loci also suggests that many will have had (potentially dele-
terious) consequences for their hosts at some point in the past. These consequences

include participation in ectopic recombination events, the generation of insertions into
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functional regions of the host genome, and some sort of transcriptional cost (Gonzalez
and Petrov, 2012).

When attempting to describe the replicational activity of viruses on evolution-
ary timescales many studies start by searching for full-length ERVs in a host genome.
The resulting ERVs are then dated on an individual basis by comparing the divergence
of paired LTRs that are assumed to have been identical at integration time. When it is
important to demonstrate a minimum age for a particular locus then orthologous sites
in additional genomes are examined until the identification of a pre-integration site is
made. The pre-integration site can then be used to establish an upper bound on an in-
sertion time with respect to host speciation events. Examples of recent studies that use
LTR dating include work by Chong et al. (2014) and by Mata et al. (2015). The afore-
mentioned strategy is certainly reasonable but does have at least three limitations.

First, it is known that ectopic recombination or gene conversion between repeti-
tive sequences is relatively common and can confound inferences of evolutionary dis-
tance. For example, Hughes and Coffin (2005) suggest that one-third of a set of 15
HERV-K elements were involved in gene conversion or ectopic recombination events.
If we cannot trust inferences of evolutionary distance then we have a degree of uncer-
tainty over the activity of families of ERVs over time.

Second, many ERVs may be too fragmented to contribute to studies that use
LTR dating to establish the replicational activity of a family. For example, an analysis
of the supplementary data from (Wang et al., 2014) suggests that 16% (158 of 1057)
of HERV-H proviruses in the human genome have zero or only one associated LTR.
The degree of fragmentation of an ERV may be age-dependent or have had a bearing
on the fitness of a host. If this is true then ignoring fragmented ERV insertions may
systematically bias our reconstructions of their evolutionary activity.

Third, most ERVs are present in solo-LTR form (Bannert and Kurth, 2006) and
therefore do not contribute to descriptions of replicational activity at all. An inves-

tigation into polymorphic HERV-K (HML-2) loci in human finds that the majority of
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loci are represented by pre-integration sites or solo-LTRs (Belshaw et al., 2005a). This
in turn suggests that the solo-LTR formation process is very rapid. If this is true for
most ERV families for most of the time then it is quite reasonable to treat a full-length
ERV as a proxy for a constant proportion (perhaps one-sixth to one-tenth) of all ERVs.
However, if the result does not generalize then such an assumption is not reasonable
as the proportion of ERVs that are present in full-length versus solo-LTR form will
vary given the age of an infection.

In this study we investigate the effect of considering solo-LTRs when describ-
ing ERV activity. Like other authors, we bring together insertion rates from several
viral groups that are present in primates. Unlike other authors we do this by system-
atically sampling both full-length ERVs and solo-LTRs—in the same way for different
ERV families and different host species—and relating these ERVs explicitly via a host
genome alignment. By combining our sampling process with a host phylogeny we
can then place insertion rates in quantitative comparison. In this study we are partic-
ularly interested in the ratio of full-length ERVs to solo-LTRs. This question has been
tackled before (Belshaw et al., 2005a) but we extend prior work in several ways. This
is achieved by using a likelihood framework that allows model comparison, by ex-
amining a wider variety of ERV families, and by considering ERVs over a larger host
phylogeny. Using this approach we find that HERV-H has unusual dynamics and that
previously used models of deletion should probably be abandoned where possible.
Based on our findings we argue that a phylogenetic approach to characterizing ERV
activity is a sensible approach for future studies, particularly as researchers are able
to leverage better annotation tools, additional genomes, and more complete genome

alignments.
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4.3 Materials and methods

In overview, our method was to collect a sample of ERV site patterns from a variety
of primates, and to use those patterns, in combination with a host phylogeny, to find
the maximum likelihood parameter values for two variations of insertion and dele-
tion processes. This allowed us to decide which model process fit our data the best.
Below we break our methods section into four parts. First we describe the process of
sampling site patterns. Second we describe our phylogenetic insertion and deletion
models. Third we describe maximum likelihood estimation. Fourth we describe a

simulation we refer to in our discussion section.

4.3.1 Alignment and repeat annotation

We obtained the six-way Enredo-Pecan-Ortheus (EPO) whole genome multiple align-
ment of primate species that forms part of Ensembl Release 71 (Flicek et al., 2012).
The six species included in the alignment are: human (Homo sapiens), chimp (Pan
troglodytes), gorilla (Gorilla gorilla), orangutan (Pongo abelii), macaque (Macaca mulatta)
and marmoset (Callithrix jacchus).

The EPO alignment contains 7,224 individual alignments containing exactly
one sequence for each of the six species. (These alignments comprise approximately
32% of the alignments present in the EPO dataset, which also covers duplicate regions
and regions that are present or alignable in only a subset of the six primates.) The 7,224
individual alignments were usually of the order of 10° to 10® columns in length and
had a median LTR content of 8%. To identify LTR retroelements we ran RepeatMasker
3.3 (Smit et al., 2004) on each ungapped sequence from each individual alignment us-
ing the ~species mammal -no_is -pa 4 -g -nolow -norna options.

The annotations made by RepeatMasker are often fragmented such that an LTR
element originating from a single insertion event is referenced using several distinct

annotations. For this reason we applied REannotate 26.11.2007 (Pereira, 2008) using
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options —~¢ -n -f to our RepeatMasker results. This resulted in the identification
of complete ERVs, truncated ERVs, and solo-LTRs, entities corresponding to distinct
insertional events as defined by Pereira (2008). The application of REannotate also
conveniently mapped synonymous RepeatMasker identifiers to appropriate canonical
identifier e.g. identifiers HERVH, LTR7, LTR7Y, RTVL-H, RTVL-H2 and RGH were all
mapped to identifier HERV-H.

The result of the above repeat masking and annotation processes was data giv-
ing the location, repeat type and structural status of LTR elements in ungapped coordi-
nates. These ungapped coordinates could be mapped back to the appropriate locations
in the original EPO multiple alignment files.

To check that REannotate had assigned the correct identifiers to ERVs we per-
formed a BLAST (Altschul et al., 1990) alignment of a representative sequence underly-
ing each repeat locus against a library of 51 viral sequences drawn from the Retrovirus
reference sequence library version 2013-12-26, located at http:/ /tinyurl.com/odk2ukh.
For any given alignment locus, a full-length representative sequence was preferred to
a solo-LTR where available. Representative sequences were drawn from human or the
closest primate to human in preference to those that were more distant. For each re-
peat assigned to families ERV9, HERVK11, HERV-H and HERV-K, we also submitted
the sequences to Dfam (Wheeler et al., 2013), and as BLAST queries to NCBI located at
http:/ /blast.ncbi.nlm.nih.gov, to examine their structure in detail. This resulted in the

removal of 8 SVAs that would have otherwise been erroneously included in our study.

4.3.2 Construction of site patterns

To obtain site patterns from alignments we needed to first designate regions of the
alignments as either full-length ERVs, solo-LTRs, or pre-integration sites on a per-
species basis. To achieve this we started by adopting a heuristic that broke each align-
ment into regions of contiguous columns that contained identical features in each row.

We retained regions of at least 50 bp in length in our analysis. (For purposes of effi-
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ciency and simplicity we ignored overlapping insertions and restricted our analysis to
non-nested ERVs.) The intuition behind our approach is that, moving along an align-
ment, we are interested in gross changes of state in the relationship between each of the
sequences comprising an alignment—so that we can detect insertions and deletions—
but that we are not interested in the fine details. For example, when processing an
alignment we are interested in the appearance of a 5,000 bp gap in a marmoset se-
quence aligned to regions annotated as full-length HERV-H in the other primates but
we are not at all interested in the fact that a 12 bp gap might exist this ERV at position
434 in the chimp. This idea is described more formally below.

Consider a six-way alignment of length m. We form a corresponding 6 by m
classification matrix A = {a;;} in order to combine the information output from the
REannotate program with information contained in the alignment. Each element 4; ;
is conceptually of one of the following kinds: an unannotated nucleotide coded as d;
an unannotated gap coded as g; the ith solo-LTR having identifier id coded as s-i-id;
or the ith partial or full-length ERV having identifier id and coded as c-i-id. For
example, positions annotated as belonging to the fourth full-length HERV-H in an
alignment would be given the classification c-HERV-H-4.

We partition a classification matrix A into the minimal number of ¢ adjacent

(i)

sub-matrices A(l), .. .,A(f) having 6 rows and my,...,m; columns such that A]. k=

A0

ik forjinl...6and ky, kp in 1,...,m,. This is to say, our partition of A ensures all

columns in submatrix A(¥) are identical and that two consecutive submatricies differ.
Clearly, the first column of any submatrix also characterises the whole submatrix. We
ignore sub-matrices of less than 50 columns in length and refer to the sequence of
the first columns of the remaining submatrices as the sequence of n pre-patterns P =
(AE?--@U : neols(A)) > 50) = P, PR, . P We form these pre-patterns for
every six-way alignment in the EPO dataset.

Our ultimate goal was to place patterns describing the status of ERVs located

at orthologous positions in their host genomes at the tips of a phylogenetic tree. To
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achieve this objective the sequences of pre-patterns described above were parsed into
bona-fide site patterns characterising the state of orthologous ERV loci in each species.
The first stage of this parsing process utilized a modified version of Thompson’s Con-
struction Algorithm (Thompson, 1968) and had the effect of identifying all contigu-
ous subsequences of pre-patterns of length 3 or more having the following proper-
ties: (i) anchored at both ends by a pre-pattern of all-ds; (ii) containing a common
solo-LTR or full-length ERV in the same row of every pre-pattern between the afore-
mentioned anchors; and (iii) containing an entry coded as a gap in the same row of
every pre-pattern between the aforementioned anchors. More precisely, using Pq(i)
to denote the gth element of the ith vector in P, we identify the set S containing all
subsequences of pre-patterns pl@) pG+)  pl) of length j —i 41 > 3 such that: (i)
pli) — p() = (d,d,d,4d,d, d)T; (ii) there exists g such that Pq(k) = Pékﬂ) = s-x-yor
Pék) = Pq(kﬂ) = c-x-y is satisfied for all k : i < k < j—1; and (iii) there exists g
such that Pq(k) is gapped for all k : i < k < j. These conditions are sufficient to identify
contiguous subsequences that can be interpreted as site patterns.

The set S of subsequences of pre-patterns that we have identified so far are
unambiguously gapped in one species and unambiguously contain an ERV in one

species. One example of such a subsequence is the following;:
s¥ =(q,¢,d,d,d,d)7,(s,s5.c949",(dddddd"

As we always write our pre-patterns in phylogenetic order, one can see that this exam-
ple pattern describes an ERV that is missing in macaque and marmoset (the 5th and
6th elements), is present as a solo-LTR in human, chimp, and gorilla (the 1st — 3rd po-
sitions), and is present as a partial or full-length ERV in orangutan (the 4th position).
In fact, we are interested coding patterns that are gapped in marmoset (our outgroup)
and present in at least one other species. We code our site patterns using the following

notation: an absent sequence is coded as 0; a solo-LTR is coded as x (the letter x being
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reminiscent of both deletion and recombination); and an ERV present in either partial
or full-length form is coded as a 1. It is clear that in our example we would want to
assign the site pattern (%, x,x, 1,0, O)T to our subsequence. Indeed, it is clear that for
any subsequence in S, we can reasonably assign a 1 or an x as appropriate to the row
tulfilling condition (ii) and also assign an g to the row fulfilling condition (iii). Nev-
ertheless, in general, we have constructed S requiring unambiguity in only two of six
positions. To assign the correct coding to the remaining four positions we adopted the
following heuristic to subsequences in S.

Consider subsequence of pre patterns S¢) = PU),..., P} We wish to form
site pattern u® = (ug,...,ug). We know by construction that ug = g (absence in
marmoset) and that u; = 1 or u; = x for some g (evidence of ERV insertion in some
species). We wish to assign u,y for 4" # gin 1...6. To do this we apply the following

procedure to each subsequence in S:
1. if P[;,k) = s forsomei < k < jthenwesetuy < x;

¢ plk)
2. if Pq,

= cforsomei < k < jthenwesetuy, < 1;
3. if P;,k ) = dfor every i < k < jthen we setuy < 1 if we have already assigned a 1

in the previous steps, otherwise we set 1y < x.
4. if P[;,k) = gforeveryi < k < jthenwesetuy < 0;

The above methods convert pre-patterns to site patterns by combining homol-
ogy and processed RepeatMasker annotations but do not take any account of the
length of sequences. Each pattern assigns an integration state of 0 (absence), 1 (pres-
ence) or x (presence in solo-LTR form) to orthologous ERV loci in six species. In a final
post-processing phase we make use of the underlying alignment to remove any pat-
terns in which (i) the 5 flank P(¥) of a pattern is backed by less than 100 nucleotides,
(i) the 3’ flank PU) of a pattern is backed by less than 100 nucleotides, or (iii) the inter-

flank region PU+1), ..., PU~1) of a pattern is backed by less than 250 nucleotides. In
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addition, where patterns are mixed, that is patterns contain both 1s and xs, we apply
a procedure that converts any particular x to a 1 if 85% of the called sequence backing
the interflanking region of position annotated as x is identical to called sequence in
any of the corresponding aligned sequence backing a position annotated as 1. The ra-
tionale for this action is that our alignment allows us to apply reasoning by homology
that is not available to RepeatMasker or REannotate which only operate on indepen-
dent sequences. Every such mixed pattern was examined by hand to ensure that such
reasoning was appropriate. We then use these patterns as an input to our phylogenetic

model described in the following section.

4.3.3 Phylogenetic insertion and deletion model

Consider the primate phylogeny T reproduced in Figure 4.1 where the branch length
immediately below node i is denoted T; and takes the value given by (Steiper and
Young, 2006). We wish to relate subsets of our sampled site patterns U (described
above), for example, the subset of patterns relating to HERV-H, to an insertion process
on the tree T as well as to one of two potential deletion processes, also on T, between
which we wish to discriminate. The insertion process is assumed to be Poisson and
the deletion process is assumed to be either Weibull or exponential. The exponential
deletion model is a nested submodel of the Weibull deletion model. We first discuss
insertion and then discuss deletion.

A site in a genome can be assigned one of three states at any particular time:
absent or 0 (a pre-integration site); insertion or 1 (contains an ERV); and deleted or
x (contains a solo-LTR). Over time, a site may transition from the absent state to the
insertion state to the deleted state. That is, the following state transitions can occur:
0 — 1 — x. Five of the branches of T are external and their tips relate to observations
U. Because we use marmoset as an outgroup, in our patterns i is always equal to 0
and we will ignore it from now on. Given the permitted state transitions, it is clear the

tirst five positions of a pattern unambiguously identify the branch of T on which an
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Figure 4.1: The primate host phylogeny used in this study. Nodes are labelled (fixed-
width typeface) and branch lengths are given in millions of years (Myr) in accordance
with Steiper and Young (2006).

ERYV first appeared. Beyond this the patterns provide no further temporal information.
We consider the insertion process on any given branch i of T to be a Poisson process
that is fully described by rate parameter ®;. If, for a dataset under analysis, there are
Nj insertions on branch i, then writing ¢; = ®;T;, the likelihood of all insertions on T

is given by
9 et
I N,-!l . (4.1)

i=1

We now discuss deletion. After entering the insertion state 1, a site may tran-
sition to the deleted state x. A site pattern provides an observation of the final state
of a site in any particular linage but it will not necessarily describe the state of a site
at internal nodes. For example, the site pattern (x, 0,0, 0, O)T implies that the state
at the corresponding site was 0 at all internal nodes. On the other hand, the pat-
tern (x,%,0,0,0) " implies that the state at the corresponding site was 0 at all internal
nodes except for hc, at which a state of 1 or x are both consistent with the evidence:
in the former case a deletion (transition from 1 to x) occurred independently on the
branches h and ¢, while in the latter case a single deletion occurred on the branch hc

prior to the human-chimp split. We use a deletion process to consider the probability
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of transition from 1 to x under all possible assignments of states to internal nodes.

To describe our deletion model we need to consider two kinds of branch, the
insertion branch and the post-insertion branch. Figure 4.2 provides an abstract visu-
alization of this concept. For any particular pattern, the insertion branch is uniquely
identified as all nodes beneath the insertion branch have state 0 and all nodes above
the insertion branch have state 1 or state x. The corresponding post-insertion branches

are all those branches above the insertion branch in the tree.

insertion branch post-insertion branch

.................... ua
insertio_n event k
¢, ~ Unif(0,7)
j """""""""" u,.,
I u,,
0 1 1/x 1/x 1/x
0 ¢ ¢ t, t,
time

Figure 4.2: The phylogenetic abstraction on which we describe insertion and deletion
processes. For a given site pattern an insertion branch is uniquely determined. Where
applicable, we consider all possible state transitions on all post-insertion branches up
to and including the external nodes of the tree.

We will first consider the deletion process under an exponential model whereby
deletion occurs with a constant probability over time. The exponential decay process is
common to all branches and parameterized by rate parameter 1. Consider an insertion
at time t; on branch leading to node j. Let ty = 0 be the time at the origin of the
brach leading to node j and time ¢ = T; be the termination of the branch. Under
an exponential deletion model the probability of deletion given an insertion at ¢; is
simply Pr(0 — x|t;) = 1 — e ¥(=t), As insertion follows a Poisson process the time of
insertion t; of any particular ERV on the branch will be uniformly distributed between

to and t. Therefore, taking advantage of the fact that E[g(X)] = [*_g(x)fx(x)dx
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for random variable X with density function fy and g : R — R, the probability of

changing from state 0 to state x during interval 0 to ¢ is

t -yt _
Pr(0 — x) = / % [1 - e—lP(f—fz‘)] dt; =1+ elp—tl (4.2)
0

while the probability that an ERV is not deleted on the insertion branch is Pr(0 —
1) =1—-Pr(0 — x).

On a post-insertion branch the situation is much simpler as the memoryless
property of an exponential decay process ensures that we do not need to consider the
time during which a site has been in a particular state when calculating whether it will
change state over any subsequent time period. Consider the post-insertion branch
from node j to node k of length t, — t;. If the site is in state 1 at node j then the
probability of no state change is Pr(1 — 1) = e ¥(2=1) and the probability of a
deletion is Pr(1 — x) = 1 — e ¥(271)_ As the state x is absorbing Pr(x — x) = 1
while all other transitions on post-insertion branches have zero probability.

We now consider a Weibull process, under which the probability of a deletion
occurring during any small time interval may increase or decrease given the age of
an insertion. The Weibull process is again common to all branches but requires two
parameters, a rate parameter 1 and a shape parameter w. For an insertion branch, the

appropriate probability of seeing two state transitions is

Pr(0 — x) = /()t% [1 —e_[tl/ji]w] dt; =1+ ¥ [T (é' <%>w> T <%>] (4.3)

where I'(z) = [ t*"le7'dt and T(x,z) = [, t*“le~'dt. The probability than an
ERV is not deleted on the insertion branch remains the only other possibility so that
Pr(0 - 1)=1-Pr(0 — x).

The essential feature of a Weibull process is that it can describe deletion rates

that vary given the age of an ERV. This means that under a Wiebull model the proba-
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bility of a state change from 1 to x on the post-insertion branch from node j to node
k is no longer independent of insertion time t;. Consider again the possibility of a
state change on a branch of length t; — t;. Under a Weibull process the probability of

deletion takes into account uncertainty over insertion time ¢; giving

3 o150

Pr(1 — 1|t;) — /O dt; (4.4)

and Pr(1 — x|t;) =1 —Pr(1 — 1|¢;). These values can be numerically evaluated for
all branches and distances on our tree T. As before, Pr(x — x) = 1 while all other
transitions on post-insertion branches are impossible.

We have now completely specified the state transition probabilities for individ-
ual branches under a strict exponential model and under a Weibull model. To compute
the likelihood of a site pattern given a tree and a deletion model we use a dynamic pro-
gram algorithm that is essentially Felsenstein’s pruning algorithm (Felsenstein, 1973).
In the case that we use a Weibull deletion model, the algorithm must be modified
to keep track of the insertion branch when considering transitions on post-insertion

branches.

4.3.4 Combining site patterns and the phylogenetic model for maxi-

mum likelihood estimation

The above description has described how to calculate the probability of insertions as
well as the probability of all post-insertional state transitions that might occur. We
have also described how to construct site patterns from primate genomes. Therefore
we are ready to describe how to calculate the probability of a set of site patterns U
given a tree T, an insertion model M; and a deletion model M. For each of n site pat-
terns UU) we can identify the insertion branch for that pattern, and hence the subtree

T() of T that includes only the insertion branch and its descendants i.e. any post-
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insertion branches. To calculate the likelihood of the site patterns we compute:

g_‘Pi(PlNi
N;!

9 n ) )
Pr(U|M;, My) =] [TPruYm,, W), (4.5)
i=1 1

j=
where the first product gives the likelihood of the insertions and the second product
uses the aforementioned dynamic programming method to sum over all possible post-
insertional transitions.

The insertion model M; has nine parameters, the 9 insertion rates in ®. The
deletion model has one parameter if it is strictly exponential (the rate parameter )
or two parameters (¢, and the additional shape parameter w) in the case that it is
Weibull. By repeatedly computing the likelihood of our site patterns we can numer-
ically maximize the logarithm of Pr(U|M;, M) using code written in the MATLAB
language. In practice we performed simulated annealing using simulannealbnd
(limited to 5 minutes per replicate during bootstrapping) followed by gradient de-
scent using fmincon. As the insertion process is independent of the deletion process
we were able to verify our maximum likelihood results using grid search and gradient

descent from random starting points.

4.3.5 Simulating mutations into LTRs

We wished to address two questions via simulation. First, given the arrival of an ERV
into a population, how long would it take for the first mutation to occur in its LTRs?
Second, if we considered the arrival of an ERV into a population, would we expect to
observe the fixation of an allele with zero, one, two, or three or more mutations in its
LTRs? To answer these questions we performed forward simulation under a Wright-
Fisher model with an effective population size of 10,000 individuals, assuming 2,000
bp of LTR per ERV. We assumed a Poisson mutation process with a rate of 108 events
per site per generation. To address the first question we tracked the number of ERVs

in a population and terminated the simulation when the first mutation event occurred.
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Mutations could occur in any LTR in the population. To address the second question
we tracked the number of alleles in the aforementioned four mutational classes, allow-
ing alleles to progress from one mutation class to the next: zero to one, one to two, and
so on. This second simulation was terminated only when alleles from one mutational
class fixed in the population. As with the first simulation, mutations could occur in

any LTR in the population.

4.4 Results

We obtained site patterns describing ERV integrations and deletions that had occurred
in the primate lineage (Figure 4.1) since the split between macaque and marmoset
roughly 40 million years ago (Ma). The site patterns were obtained by relating post-
processed RepeatMasker annotations to a six-way genome scale alignment of human,
chimp, gorilla, orangutan, macaque and marmoset sequence. These annotations were
then converted to site patterns using a polynomial time heuristic method. Our inten-
tion was to quantitatively describe the insertion rate of ERVs across branches of the
primate phylogeny and also to investigate what is thought to be a fairly predictable
process of ERV deletion that converts full-length ERVs into solo-LTRs.

Applying the process sketched above, we identified 1,197 distinct insertion
events that had occurred on the branch hcgom or later. These distinct insertions could
be split naturally into groups based on the type of ERV they involved. We inves-
tigated the properties of insertions from the four largest families: ERV9 (245 inser-
tions); HERVK11 (197 insertions); HERV-H (116 insertions); and HERV-K (59 inser-
tions). Based on a BLAST search against a library of 51 viral sequences, many ERVs
from smaller families were assigned to group-I (131 insertions) or group-II (112 inser-
tions). These patterns of insertion and deletion may be useful to other researchers and
are and are presented in machine readable format in Supplementary File 4.1. Below

we present the following results: (i) the insertion rate parameters obtained; (ii) the

88



deletion rate parameters obtained under two different models of deletion; (iii) a com-
parison of the two competing deletion models; and (iv) the results of a simulation that
tests the adequacy of the most appropriate deletion model.

We applied our phylogenetic method (see Materials and methods) to obtain
the maximum likelihood relative insertion rates per million years (Myr) for the nine
branches in our tree (Figure 4.3, Table 4.1). These estimates of insertion activity are
independent of the deletion model used. Our results are broadly compatible with
descriptions contained in commonly cited studies on ERV dynamics such as those by
Sverdlov (2000) or by Bannert and Kurth (2006). For example, the HERV-K insertion
rates for branches h (1.36 relative insertions per Myr) and c (0.61 relative insertions
per Myr) capture the commonly reported fact that HERV-K has been recently active in
both human and chimp and also that the activity in human specific ancestors appears
to have been at least 50% greater than the activity in chimp specific ancestors. In
general, more detailed comparison is difficult as individual studies vary considerably
in methodology and reporting style, a state of affairs that partially motivated us to

perform the analysis reported in this paper.

h C g e} m hc | hcg | hcgo | hcgom
ERV9 0.00 | 0.00 | 0.12 | 2.02 | 2.56 | 0.00 | 1.75 | 6.64 2.50
HERVK11 | 0.00 | 0.00 | 0.00 | 0.38 | 2.95 | 0.00 | 0.41 | 5.66 2.18
HERV-H 0.00 { 0.00 | 0.00 | 0.87 | 1.77 | 0.50 | 0.93 | 1.89 1.05
HERV-K 1.36 | 0.61 | 0.23 | 0.33 | 0.56 | 0.00 | 0.52 | 0.66 0.65
group-I 0.00 | 0.15 | 1.05 | 0.05 | 2.16 | 0.00 | 0.21 | 1.15 3.06
group-II 0.00 | 0.00 | 0.00 | 0.16 | 1.34 | 0.00 | 0.41 | 2.13 3.06

Table 4.1: Branch and group specific maximum likelihood relative insertion rates in
relative insertions per Myr. Node names are as per Figure 4.1.

As well as insertion, we are also interested in the process by which ERVs are
deleted. The simplest conceivable model of a deletion process is one which has a con-
stant hazard over time i.e. a process under which the probability of deletion in an
infinitesimally small period of time is constant. The unique process with this prop-

erty is an exponential decay process. Under the exponential model, the probability of
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Figure 4.3: Branch and group specific maximum likelihood relative insertion rates in
relative insertions per Myr. Bootstrap derived 95% confidence intervals are displayed

in parentheses.
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deletion of an ERV is independent of its age. Such a model is appropriate if the prob-
ability of deletion of an ERV is small and fairly constant across generations, and if the
probability of deletion of an ERV has nothing to do with the process by which an ERV
ages. For each of the six groups of ERV we obtained a maximum likelihood estimate

of exponential rate parameter i, (Table 4.2).

5 10 15 20 5 10 15 20 5 10 15 20
| | | | | | | | | | | | | | | | | | | | | | ] |
ERV9 HERVK11 HERV-H HERV-K group-| group-ll
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Figure 4.4: Group specific CDFs describing the probability of deletion of an ERV given
its age. The CDFs are derived using maximum likelihood parameter estimates under a
Weibull deletion process (thick black line) and from bootstrap resampled site patterns
(thin grey lines).

Under the exponential model, full-length elements from the HERV-K family
would be deleted most quickly, with full-length loci having an average pre-deletion
lifetime of approximately 6.25 Myr. Under the same model, the most long-lived group
would be HERV-H, for which the average full-length lifetime would be roughly 20
Myr. At an age of 400,000 yr (the expected fixation time of a neutral ERV given an
effective population size of 10,000 and a generation time of 10 years), the exponential
model predicts that 94-98% of ERVs would retain their full-length form. By an age
of 25 Myr, a time period comparable to the scope of our phylogeny, the exponential
model predicts that only 2% of HERV-K insertions would remain in full-length form
while a much larger 29% of HERV-H insertions would.

Beyond the simplest possible deletion scenario, we are also interested in the
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hypothesis that the formation of solo-LTRs is governed by a process that is not inde-
pendent of the age of an insertion i.e. a process with a variable hazard. For example,
it may be that as ERVs age, substitutions and gene conversion introduce differences
between paired LTRs that substantially reduce their chance of pairing and producing
solo-LTRs. A process with a hazard rate that changes with time is often modeled us-
ing a Weibull distribution. Under this process the rate of deletion is proportional to a
power of time so that the probability of the removal of a full-length ERV can decrease
with age, given a shape parameter w < 1, or increase with age, given a shape param-
eter w > 1. A shape parameter of w = 1 implies an exponential decay process so that
the exponential model is a nested submodel of the Weibull model. For each of the six
groups of ERV we obtained a maximum likelihood estimate of scale parameter ¢, and
shape parameter w (Figure 4.4, Table 4.2).

Under a Weibull model, we find that at an early age it is again ERVs from the
HERV-H family that are most likely to remain in full-length form. We find that an age
of 400,000 yr 58% of HERV-H would remain in full-length form whereas only 19-21%
of the other five groups would. These predictions differ by 40-76 percentage points
from those of an exponential model. At the longer time scale, maximum likelihood
parameter estimation suggests that at an age of 25 Myr we expect 31% of HERV-H to
remain in full-length form while we expect less of ERV-9 (5%), HERVK11 (8%), HERV-
K (6%), group-I (6%) or group-II (8%) to do so. Summarizing a Weibull deletion pro-
cess requires considering the role of the shape parameter. The maximum likelihood
estimate of shape parameter w is less than 1 for all six groups of ERV, and therefore
suggests the rate of ERV deletion does decrease monotonically with time. Bootstrap
replicates suggest this is unambiguously true for all families apart from for HERV-
K, for which 12% of bootstrap replicates identify a shape parameter >1. This implies
that there is a degree of uncertainty over whether HERV-K has qualitatively differ-
ent dynamics than the other ERV groups, with these exceptional bootstrap estimates

suggesting peak deletion rates occur at ages of up to just over 4 Myr.
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l, lw e P ! w 2A/0

ERV9 —158.54 | —107.55 | 0.14 | > 100.00 | < 0.14 | 101.98

HERVKI11 | —144.83 | —74.68 | 0.11 | > 100.00 | < 0.12 | 140.31
HERV-H | —140.88 | —121.79 [ 0.05| =0.09 | =0.18 | 38.18
HERV-K | —58.46 | —32.33 [ 0.16 | > 100.00 | < 0.13 | 52.27
group-I | —109.17 | —47.54 | 0.10 | > 100.00 | < 0.13 | 123.26
group-Il | —89.25 | —50.62 | 0.10 | > 100.00 | < 0.12 | 77.27

Table 4.2: Group specific log likelihoods and corresponding maximum likelihood esti-
mates of parameter values under exponential and Weibull deletion processes.

We have described the results of fitting two competing models, formalized as
the null hypothesis H, that the deletion process is an exponential decay, and as the
alternative hypothesis H;, that the deletion process is age dependent. To decide which
of the models is more appropriate we performed a likelihood ratio test. As H, is nested
within Hy,, which has one additional parameter, we compare 2A¢ = 2({,, — {,) with
a x? cutoff of 10.83. We find that 2A¢ implies that the Weibull age specific model is
clearly more appropriate for all six groups of ERV (p <0.001).

Our likelihood values show that a Weibull model is a much better description of
the ERV deletion process than an exponential model. However, likelihood ratio tests
do not provide an assessment of the adequacy of the Weibull model itself. For this
reason we conducted a simulation to see whether the Weibull model could explain the
empirical site patterns we observed for each of the six ERV groups. Our simulation
proceeded as follows. For each of the six ERV groups, we generated 10,000 insertions
on branch hcgom, the deepest branch in our phylogeny. We then simulated the his-
tory of these insertions according to the Weibull model operating under group specific
maximum likelihood estimates of ¢, and w. This generated the group specific fre-
quency distribution of site patterns at the tips of the tree. We performed a goodness
of fit test comparing the distribution of empirical site patterns with the frequencies
obtained via simulation. We found no statistical evidence that the distribution of ob-
served site patterns differed from those expected under the Weibull model for any of

the six groups (Table 4.3). This suggests a Weibull model is an adequate one.
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n H, Hy,
ERV9 31| p<0.01|p=048
HERVKI1 | 27 | p <0.01 | p = 0.37
HERV-H |13 | p=0.60 | p = 0.28
HERV-K | 8 | p <0.01 | p=0.53
group-I |38 | p <001 |p=025
group-II |38 | p < 0.01 | p =0.56

Table 4.3: Group specific two-sided goodness of fit tests (Fisher exact test) show that
the distribution of observed site patterns is not significantly different from those ex-
pected under Weibull deletion model Hy,. This is not true in general for the exponen-
tial decay model H,.

4.5 Discussion

In this paper we obtained site patterns sampled from the primate phylogeny. These
patterns characterize the insertion and deletion process of ERVs and may be a help-
ful resource for other researchers. In addition, we also present a phylogenetic model
which we show captures the deletion process of ERVs in a way that is superior to
existing descriptions. Applying this model to site patterns from six large groups of
ERVs we find that HERV-H is the most slowly deleted group of ERVs across the pri-
mate lineage and that, with the potential exception of HERV-K, ERVs appear to “die
young.” Below we discuss the biological implications of our findings, the limits of our
approach, and why we think our approach is preferable to that used in other studies
in the field.

Previous studies of ERV activity (i.e. insertions) have often proceeded by enu-
merating the full-length ERVs, perhaps of a specific type, from one host species. Meta-
studies will then collate the results of primary studies and attempt a synthesis of their
contents e.g Sverdlov (2000); Bannert and Kurth (2006). Meta studies face the diffi-
cult problem of relating various sampling (search) methodologies. They also face the
impossible problem of relating counts of full-length ERVs between species when the
overlap between counts is unknown. Here we think our approach is helpful. Con-

sider Figure 4.3, where we provide estimates that allow one to answer quantitative
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questions about the insertional activity of ERVs from different families and species.
Assuming our sampling of viruses has been effective, we can be confident that both
group-I and group-II ERVs became less active after the split of the macaque lineage
from the ape lineage, but also that ERV9 and HERVK11 were more active in the ape
lineage after this split than before. As we measure insertions using solo-LTRs as well
as full-length ERVs, we also suggest that, contrary to Magiorkinis et al. (2015), an ap-
parent speedup in HERV-K(HML2) is not an artefact of considering only full-length
ERVs. We think our results complement existing research. We also think that similar
approaches will become more useful as newly sequenced genomes give better resolu-
tion within phylogenies and allow for improved genome scale alignments.

The topic of deletion has been less widely studied in the past, perhaps because
it is assumed to be unimportant to host phenotype, or perhaps because an adequate
treatment requires phylogenetic data. What is true is that when a deletion process is
explicitly mentioned it is often assumed to be exponential or constant over time e.g.
Pereira (2004) or Lynch (2007, pg. 161). Our results show that estimates produced
assuming a constant deletion model differ dramatically from those produced using
an age dependent model. We also show that an assumption of a constant deletion
process is clearly inappropriate for five of the six groups of ERVs we examined in
primates. Therefore, pending further research, we conclude an exponential model is
inappropriate more generally.

The question of whether ERV deletion rates may vary with age was addressed
by Belshaw et al. (2007) in which it was reported that the deletion rate for recent inte-
grations was 200 fold higher than for integrations that occurred over 6 Ma. This result
is implicitly conditional on loci being retained in full-length form in at least one of hu-
man or chimp. To our knowledge this research, while commonly cited, has not been
followed up elsewhere. Our results generalize the qualitative conclusions of Belshaw
et al. (2007) to the primate phylogeny and to a variety of ERV families. This is im-

portant because the results of Belshaw et al. (2007) rely on elements from the HERV-K
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category, which are unusual both because this family of ERVs have been recently in-
sertionally active and also because some recent HERV-K insertions have been shown
to have biochemical effects, including, virion formation, during early stages of human
development (Grow et al., 2015). In addition, our results surpass previous ones as
we provide a description (the Weibull model) that gives an indication of the expected
survival function of an ERV at various points in its lifetime.

We have shown that an age dependent deletion effect occurs rapidly and is
strong enough to be obvious at short time scales e.g. well before 1 Myr. A relevant
question to ask is why this should be the case? Idiosyncratic factors affecting the cost,
and therefore the fixation probability, of ancient full-length and solo-LTR alleles will
likely always remain mysterious. However, whatever role these uncertain factors may
play, the fact remains that for a solo-LTR to fix it must have been generated in the first
place. Research has focused on two main causative factors in the creation of solo-LTRs:
the background recombination rate and the mutational divergence between paired
LTRs.

Initially it does seem reasonable to assume that the background mutation rate
could account for ERVs appearing to die young. This could happen if ERVs in re-
gions of high recombination were more likely to undergo deletion than ERVs else-
where in the genome. The result of such a process would be a bimodal distribution
of lifetimes, with ERVs in regions of high recombination being deleted very quickly
and ERVs elsewhere persisting in full-length form almost indefinitely. Indeed, using
the human genome, it has been demonstrated that the ratio of full-length ERVs to
solo-LTRs correlates well with local genomic recombination rates (Katzourakis et al.,
2007a). However, since this observation was made, it has also become widely known
that local genomic recombination rates can evolve quickly (Myers et al., 2005). If this
is the case, genomic recombination rates alone cannot be responsible for an age de-
pendent deletion effect as, when the local recombination rate of the genome increased,

ERVs that were present in full-length form would become more likely to be deleted,
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no matter what their age.

Given the inability of local recombination rates to completely explain an age de-
pendent deletion effect it seems that mutational divergence remains a leading hypoth-
esis. At first this might seem surprising because for mutational divergence to be a per-
suasive explanation (i) mutations must introduce an allelic variant of a full-length ERV
quickly and (ii) the newly introduced allele must have a substantially lower chance of
undergoing recombinational deletion than the original ERV.

In answer to point (i), forward simulation under a Wright-Fisher model shows
that in a population of 10,000 individuals, and assuming 2,000 bp of LTR per ERV, a
(conservative) mutation rate of 1078 per site per generation will introduce a mutation
into a neutrally segregating pair of LTRs by 215 generations on average. Indeed, 25%
of the time, a pair of LTRs will differ by the 75th generation after insertion and a full
75% of the time a difference will arise by the 300th generation. The expected frequency
of the original full-length ERV at the time a difference is introduced is less than 1% and
a full-length ERV can be expected to have a complementary mutant by the time it has
reached a frequency of 4% at the most.

The answer to point (ii), as to whether a single difference can have a substantial
effect, comes from experimental evidence. For example, Datta et al. (1997) find that a
single nucleotide difference between two 350 bp substrates can lower recombination
3-fold in yeast, while Opperman et al. (2004) reach similar conclusions, finding a 4-
fold reduction when using 618 bp substrates in arabidopsis. Both of these studies find
that additional differences have relatively little effect. The above reasoning suggests,
in agreement with the conclusions of Belshaw et al. (2007), that mutational divergence
between LTRs can play an important role in preventing recombination deletion soon
after an ERV has integrated.

We have suggested that mutations can arise quickly and prevent recombina-
tion. This, however, is not the whole story and we must also address stochastic effects

that mean a neutrally segregating pair of LTRs that do have a mutation are very likely

97



to be lost from a population. This can also be done via simulation. If one tracks a such
alleles until fixation occurs (we group alleles based on whether they possess 0, 1, 2,
or 3 or more mutations) the allele that ultimately fixes is mutation free on only 33%
of occasions. Otherwise, its LTRs contain 1 (24% of occasions), 2 (15% of occasions)
or 3 or more mutations (28% of occasions). Therefore, if mutational divergence plays
a significant role in reducing recombinational deletion then, in agreement with our
main results, recombinational deletion must usually occur quickly. If this were not the
case then most ERVs that fixed in a population would already contain mutations that
prevented solo-LTR formation. Such an outcome would be inconsistent with the em-
pirical fact that most ERVs are found in solo-LTR form. We therefore conclude that the
assumption that mutational divergence between LTRs can prevent solo-LTR formation
theoretically supports our statistical findings that ERVs are usually deleted very soon
after integration.

Not all ERVs are deleted equally quickly. Amongst the groups of ERVs we ex-
amined we found that HERV-H were unusually slowly deleted. This is interesting for
several reasons. HERV-H is notable as a family because there is very strong evidence
that HERV-H associated stem cell transcripts are essential for the maintenance of stem
cell identity in humans (Lu et al., 2014; Wang et al., 2014). It has also been demon-
strated that highly transcribed HERV-H loci have recently evolved faster than other
ERVs and other repetitive DNA (Gemmell et al., 2015). Here our results show that
HERV-H loci are more likely to be preserved in a full-length state than any of the five
other groups of ERVs we examined. This may suggest that HERV-H are useful to the
host and preserved in a full-length state. This may also suggest that a side effect of
their rapid evolution is a degree of divergence between paired LTRs that means they
are unlikely to be subject to recombinational deletion. As discussed by Gemmell et al.
(2015), a faster than expected evolution of LTRs is evidence of a phenotypic effect on
the host, but not necessarily evidence of an ERV providing a benefit to the host.

It is important to discuss the limits of our model. While phylogenetic assign-
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ment of insertions to branches is probably more precise than assignments based on age
estimates, such assignment is limited by the resolution of the phylogeny used. This is
clear from Figure 4.3. The branches leading to human and chimp generally reflect a
decrease in ERV activity while the branch leading to macaque can only reflect the av-
erage activity over a 30 Myr period. The average is reassuringly similar to the average
over internal branches but it is clear our approach is of less use for distantly related
species. Our approach assumes that ERVs arrive in full-length form. This assump-
tion was necessary, but it is reasonable to point out that some site patterns (those with
xs at every tip) might never have been passed vertically from generation to genera-
tion in full-length form. From a scientific perspective studies of active ERV families,
such as KoRV (Ishida et al., 2015), can potentially tell us how many loci endogenize in
solo-LTR form. Finally, our model is limited by the availability of full-length insertion
data. Branches for which all insertions have resulted in solo-LTRs provide no upper
bounds on the rate of deletion. Larger datasets or improved sampling of site patterns
can resolve this problem.

Limitations notwithstanding, we hope to show that ERV activity is well de-
scribed using phylogenetic techniques that avoid problematic LTR dating and that
previous arguments that younger ERVs are more quickly deleted than older ones can
be correctly formalized. We also suggest that our finding that HERV-H is removed
slowly across the primate phylogeny supports a long term biological role for the fam-
ily. New questions can be formulated using our approach, for example it is simple to
use our model to perform a maximum likelihood reconstruction of the ancestral state
of an ERV. We hope that similar studies outside the mammalian phylogeny might be

undertaken using some of our ideas.
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4.6 Conclusion

We provide 1,197 phylogenetic patterns describing the state of endogenous retroviruses
(ERVs) in six primate species. We introduce a phylogenetic framework to quantita-
tively study the process of insertion and deletion, without relying on LTR dating. We
place the activity of six categories of ERV in direct quantitative comparison for the
first time. We find that ERVs “die young” but that HERV-H loci are markedly more
long-lived than ERV9, HERVK11, HERV-K, or other class-I and class-II loci. We show
that a probabilistic age dependent (Weibull) process is sufficient to describe the ERV
deletion process and suggest our approach may be useful to other researchers in the

paleovirological field.
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Chapter 5

The genomic structure of highly
transcribed HERV-H loci

5.1 Abstract

Background

HERV-H is a prolific and unusual family of primate endogenous retroviruses that has
recently been found to play an essential role in the maintenance of stem cell identity
in humans. Though HERV-H has been studied for several decades, there has been
no work that thoroughly relates the transcription of the majority of HERV-H loci to
their detailed structure. Here we identify the relationship between the transcription
of human loci and their age, their LTR repeat type, the characteristic deletions they
possess, their presence in other primate genomes, and their distance to the nearest

host gene.

Results

We find that the most transcribed HERV-H loci are younger, more fragmented, and

less likely to be present in other primate genomes, so that most of the highly tran-
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scribed sequence found in human is missing from chimpanzee, gorilla, orangutang
or macaque. Though the most highly transcribed HERV-H contain many deletions in
their genes, the presence of the final 3’ region of gag is positively correlated to tran-
scription in several cell types. The repeat types within an LTR are important to the cell
type in which a HERV-H is transcribed: type-I HERV-H are highly transcribed in stem
cells while HERV-H with type-II repeats are more highly transcribed in embryonic

cells.

Conclusion

We suggest that the finding that type-II repeats are correlated to the earlier transcrip-
tion of HERV-H may be important when attempting to reliably identify populations of
naive like stem cells in culture. We further argue that the surprising positive correla-
tion between the zinc finger protein binding region of gag and HERV-H transcription
indicates that an ability to be effectively repressed was a facilitator of HERV-H co-
option. If this hypothesis is correct, it goes some way towards explaining why an

unusually large proportion of HERV-H loci have been preserved in a full-length form.

5.2 Introduction

Endogenous retroviruses (ERVs) are the result of germ line retroviral integrations that
are passed from generation to generation in a Mendelian fashion (Bannert and Kurth,
2006). Atintegration time, a typical ERV locus contains the viral genes gag, pol and env,
as well as two flanking long terminal repeats (LTRs) that are identical. Once present
in a population, ERVs may increase in number via reinfection or retrotransposition
until all active members of the family are silenced by host defences, degraded by mu-
tations, or truncated by solo-LTR formation (Katzourakis et al., 2005; Johnson, 2007).
Though many human endogenous retroviruses (HERVs) are thought to be essentially

irrelevant to our biology, notable exceptions include the syncytins (Lavialle et al., 2013)
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and members of the HERV-H family, that have recently been found to be crucial to the
maintenance of stem cell identity (Lu et al., 2014; Wang et al., 2014).

The HERV-H family, formerly known as RTVL-H, has been studied down to the
level of individual insertions on many occasions in the past 30 years. Early research
quickly identified variation in the LTR regions of HERV-H and divided the family into
type-I and type-II subtypes, both of which polyadenylated transcripts in human cells
(Mager, 1989). Later, a third type of LTR, type-la was identified. In structure, all HERV-
H LTRs appeared to share common sequence in the U3, R and U5 regions. However,
whereas type-I LTRs typically had two copies of a 49 bp type-I repeat, and type-II
LTRs had one copy of a type-I repeat followed by a variable number of 27-32 bp type-
I repeats, the type-Ia LTRs had both a type-I repeat and a type-II repeat, as well as
some further type-I typical sequence (Goodchild et al., 1993). For this reason, type-la
LTRs are thought to have arisen via a recombination between type-I and type-II LTRs
(Goodchild et al., 1993). Type-la HERV-H was originally thought to have expanded
recently and to have stronger transcription than HERV-H with pure type-I or type-II
LTRs (Goodchild et al., 1993). However, the relative youth of type-la repeats was later
brought into question by Anderssen et al. (1997) who discovered type-Ia repeats in the
marmoset, a New World monkey species.

The sequencing of the human genome has been important for more complete
analysis of HERV-H. A study of most full-length HERV-H integrations was performed
by Jern et al. (2004) who clustered HERV-H into two groups, the larger HERV-H group
of 926 full-length elements and the smaller HERV-H like group of 92 full-length ele-
ments. Within the larger HERV-H group, Jern et al. (2004) further defined two sub-
groups: an older group of 77 RGH2-like elements having a fairly intact pol and more
frequently containing env; and a younger group of 705 RTVLH2-like elements having
more pol deletions and less frequently containing env. The 926 bona-fide HERV-H el-
ements in the human genome were subsequently studied in some detail resulting in

an annotated consensus sequence (Jern et al., 2005). In an unrelated study on ERV
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replication mechanisms, a small number of relatively intact HERV-H (presumably the
RGH2-like elements) were found to have low env dN/dS and proposed to be responsi-
ble for copying the less intact members of the HERV-H family (Belshaw et al., 2005b).
Belshaw et al. (2005b) also observed a common deletion in the gag gene to add to
the four common pol deletions and one common env deletion previously described by
Mager and Freeman (1995).

In the last two years HERV-H has again come under study as a relationship
between retrotransposon transcription and stem cells has become a focus of research.
In the case of HERV-H, there does not seem to be documented evidence suggesting
a role for viral proteins, though there is evidence that HERV-H transcripts are up-
regulated in, and necessary for, the maintenance of stem cell identity. This evidence
derives from studies including those of Wang et al. (2014) who show that nearly half
of the full-length HERV-H in the human genome are bound by pluripotency asso-
ciated transcription factors NANOG, OCT5 and LBP9, and that, as such, produce a
number of chimeric hESC (human embryonic stem cell) and hiPSC (human induced
pluripotent stem cell) specific transcripts and long non-coding RNAs. By disrupting
HERV-H or LBP9, Wang et al. (2014) could demonstrate that some HERV-H play an
essential biological role: differential markers were upregulated while pluripotency-
associated transcription factors were downregulated, so that an ability for self-renewal
was shown to be impaired. The same year, Lu et al. (2014) reached a similar conclusion
on the necessity of HERV-H to stem cell identity after discovering that interfering with
HERV-H transcripts in hESC led to modified cells becoming more fibroblast like, with
concomitant changes in the appropriate transcriptional markers. These two studies
are supported by the transcriptomic work of Kunarso et al. (2010) and of Fort et al.
(2014).

It is likely that the authors who conducted early analyses on HERV-H would,
if in fact conducting their analyses in 2015, have some interest in relating the features

they described at the genomic level to the phenotypic effects of HERV-H in stem cells.
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It is perhaps surprising that recent studies that investigate these phenotypic effects
have not yet made reference to such comprehensive genomic research. This is par-
ticularly true given the fact that although the LTR of HERV-H has been the focus of
attention, an unusual proportion of HERV-H loci are actually present in full-length
form rather than as solo-LTRs (Bannert and Kurth, 2006). The extraordinary state and
dynamics of HERV-H (see Chapter 4) raise the question of whether the internal region
of HERV-H has also played a role in primate physiology too.

In this study we explore the intrinsic genomic factors associated with measure-
ments of HERV-H transcription in humans as made available by Wang et al. (2014).
The intrinsic features we refer to are the systematic deletions and idiosyncratic decay
of particular HERV-H loci with respect to the known consensus (Jern et al., 2005), and
also LTR subtypes, as used to classify HERV-H in the pre-genomic era (Anderssen
et al., 1997). We also consider the phylogenetic placement of loci, their age, and their
state in other primate species.

It is reasonable to assume that at some point most of what we identify as HERV-
H today would have performed some biological function as part of an exogenous
virus. What is good for a virus would not usually be expected to be good for a host,
and it is as yet unclear precisely which characteristics of HERV-H were important for
its co-option in stem cells. Below we identify the features of HERV-H that are sig-
nificantly correlated with transcription and show how different subtypes of viruses
are transcribed in different types of cell. We also find an interesting relationship be-
tween gag and transcription, and conjecture that it is this region of gag that is partially

responsible for the maintenance of so many HERV-H loci in a full-length state.
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5.3 Method

5.3.1 Multiple sequence alignments of HERV-H loci

We obtained the genomic sequence underlying the the 1,225 full-length HERV-H loci
described by Wang et al. (2014) from the UCSC Genome Browser database (hgl9,
GRCh37) available at http:/ /genome.ucsc.edu (Rosenbloom et al., 2015). We also ob-
tained the corresponding RepeatMasker (Smit et al., 2004) gene annotations from the
same database.

Before aligning the HERV-H loci we first used RepeatMasker annotations to
identify any non HERV-H repeats within the underlying sequences. Such nuisance
repeats, for example SINEs or LINEs, would, if ignored, introduce spurious indels
into our analysis. For this reason all but the outermost 20 bp of the nuisance repeats
were removed from the 1,225 HERV-H sequences before constructing alignments. The
remaining 40 bp or less of nuisance repeats were flagged so that we could remove
them by hand, thereby ensuring that we did not remove mistakenly RepeatMasked
genuine HERV-H sequence. Nuisance repeats were found to be rare, so that 80% of the
sequence underlying the 1,225 loci remained completely unmodified. The remaining
20% of loci had a median of 12% of their underlying sequence removed.

To identify the gag, pol, and env genes within the 1,225 HERV-H sequences we
used tBLASTn (Altschul et al., 1990). We searched each of the 1,225 loci using a pre-
viously published (Jern et al., 2005) HERV-H consensus sequence as a query. Hits of
at least 25 bp in length and with an expect value no more than 10~® were merged in a
way that maintained fragment order and sense. The result of this reconstruction was
1,080 gag, 1,126 pol and 1,081 env genes.

Only 20 of the 1,225 HERV-H loci were not matched by one of the three tBLASTn
searches. An inspection using Dfam (Wheeler et al., 2013) revealed that these loci were
sequences with short internal regions, that contained other retroviral insertions, or that

were short overall (one full-length region was only 44 bp).
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A similar search and merge process was performed for the 5" (LTR5) and 3’
LTRs (LTR3) of each of the 1,225 HERV-H loci. In this case the search was performed
using BLASTn (Altschul et al., 1990) and resulted in the reconstruction of 908 LTR5
and 932 LTR3.

To construct multiple sequence alignments of the genes and LTRs of the HERV-
H loci we first pairwise aligned the reconstructed sequences to the appropriate part of
the consensus. We then progressively combined these alignments to create five multi-
ple sequence alignments, one for each gene and one for each LTR. Pairwise alignment
was conducted with Stretcher (Rice et al., 2000) and progressive multiple alignment

was conducted using MUSCLE (Edgar, 2004).

5.3.2 Distance to nearest gene

The RefSeq gene annotation track was downloaded from the appropriate UCSC Genome
Browser database (as detailed above). The distance between the centroid of each

HERV-H locus and its nearest neighbouring gene was calculated and recorded.

5.3.3 Characterization of LTR subtypes

Several examples of HERV-H LTR subtypes (Mager, 1989; Goodchild et al., 1993) are
provided by Anderssen et al. (1997). We constructed consensus type-I and type-II
repeats as well as consensus unique-I and unique-II sequences based on Figure 2 of
the study by Anderssen et al. (1997). These consensus sequences were used as queries
in a BLASTn search against the 1,225 HERV-H loci. Hits with expect values of no more
than 10~ were treated as indicating the presence of the appropriate sequence. Data on
the presence of LTR subtype sequences at HERV-H loci are recorded in Supplementary
File 5.1.
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5.3.4 Pairing loci to EPO multiple alignments

To examine the status of the 1,225 HERV-H full-length loci in other primates we ob-
tained the Enredo-Pecan-Ortheus (EPO) genome scale multiple sequence alignment
from Ensembl Release 71 (Flicek et al., 2012). We then used BLASTn to locate the
HERV-H loci in the human row of the EPO alignments. Of the 1,225 HERV-H loci,
847 were unambiguously located (unique and exact matches) within a six-way EPO
alignment. The remaining loci were not present in the alignments in an unambiguous
form e.g. the region of the human genome they were located in might not have been
included in the EPO alignments, or the region they were located in may have been

duplicated one or more times in a primate other than human.

5.3.5 Tree building and phylogenetic GLS

A supermatrix concatenation of gag, pol and env alignments was produced. The align-
ment was edited by hand to remove short or badly aligned regions and sequences
that could not reasonably be assumed to be homologous. The tree building software
RAXML 8.2.3 (Stamatakis, 2014) was used to produce a maximum likelihood (ML)
tree relating the 834 sequences in the supermatrix alignment. Tree inference was per-
formed under the GTR + gamma substitution model.

The supermatrix based tree was rooted by constructing an auxiliary phylogeny
of the reverse-transcriptase (RT) region of pol (nucleotides 82-576 of the pol consen-
sus). The 569 HERV-H sequences with relatively complete RT, having over 140 of 165
possible codons, were first translated and then combined with a panel of 15 HERV-
W RTs. An ML tree was constructed from the resulting alignment using the RAXML
PROTGAMMAAUTO option.

All regression analysis was conducted with the R system (R Development Core
Team, 2008). Regressions taking into account phylogeny were performed using a phy-

logenetic generalized least squares (PGLS) approach as introduced by Grafen (1989).
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The A method (Pagel, 1997) was used to assess phylogenetic signal. Analyses were

conducted using the APE (Paradis et al., 2004) implementation of these methods.

5.4 Results

In this section we first describe the retrieval and representation of the genomic features
of the HERV-H loci in our study. We then describe the statistical models that we use

to relate HERV-H transcription to these features.

5.4.1 Genomic features of HERV-H loci

We retrieved the 1,225 full-length HERV-H loci described by (Wang et al., 2014) from
the human genome. We then produced multiple sequence alignments of the genes gag
(1,080 sequences), pol (1,126 sequences) and env (1,081 sequences) using the consensus
HERV-H described by Jern et al. (2005) as a guide. We used the same consensus to
form alignments of the 5" (908) and 3’ (932) LTRs (henceforth LTR5 and LTR3).

Examining the sequence in each alignment it was possible to find regions that
were commonly deleted in subsets of viral sequences. The presence of sequence in
these regions was bimodally distributed and is represented in Figure 5.1, where the
regions are named via enumeration from 5" to 3’. We identified four regions in the
alignment of HERV-H LTRs (L51-L54 for the four regions in LTR5 and L31-L34 for the
four regions in LTR3), four regions in gag (G1-G4), eight regions in pol (P1-P8) and
four regions in env (E1-E4). As per Belshaw et al. (2005b), if less than 5% of a region
was aligned for a particular HERV-H the region was marked as absent at that locus
while if more than 55% of a region was aligned it was marked as present. Ambiguous
regions were coded as missing values, and the frequency of the presence and absence
of regions is given in Table 5.1. The 25 regions we defined were included as indicator
variables (i.e. 1 or 0) when constructing statistical models (below).

Some features of HERV-H LTRs have previously been described in detail. In
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Figure 5.1: A representation of HERV-H sequences recovered from the human genome
and aligned to a known consensus. Loci are coloured by the categorical transcription
levels of Wang et al. (2014): red represents highly active loci; orange represents mod-
erately active loci; and blue represents inactive loci.
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feature | present | absent | ambiguous
L51 432 454 22
L52 758 133 17
L53 786 114 8
L54 875 31 2
Gl 974 48 58
G2 113 950 17
G3 823 227 30
G4 684 326 70
P1 671 375 80
P2 159 731 236
P3 661 428 37
P4 363 724 39
P5 854 112 160
P6 367 706 53
P7 870 119 137
P8 391 649 86
El 144 890 47
E2 94 928 59
E3 272 729 80
E4 704 334 43
E5 1027 39 15
L31 452 462 18
L32 778 131 23
L33 812 118 2
L34 891 39 2
TI 1047 178 0
T 184 1041 0
Ul 998 227 0
Ull 124 1101 0
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particular, members of the HERV-H family have previously been categorized into
type-l, type-la, and type-II elements (Mager, 1989; Goodchild et al., 1993; Anderssen
etal., 1997). We used BLASTn to search for the appropriate characteristic sequences at
the 1,225 HERV-H loci. The overall number of T and TII repeats, as well as the overall
number of UI and UII subtype specific unique repeats detected is shown in Table 5.1.
These LTR subtype indicator variables are considered in our analyses below.

Most of the features we analyze were defined with respect to the sequence of the
HERV-H loci themselves. However, to place the loci in context we also obtained their
distance from the nearest gene, as presented by the RefSeq gene annotation track of the
UCSC Genome Browser database. It was also possible to locate 847 of the 1,225 HERV-
H loci in a six-way alignment of primate genomes, thereby giving some evolutionary
perspective on the present day structural state of the loci in other primates. Finally,
we were able to determine the genetic distance (K80) between the paired LTRs of 627
of the 1,225 HERV-H loci. Though the LTRs of ERVs may not evolve at strictly neutral
rates (Hughes and Coffin, 2005; Gemmell et al., 2015), the divergence between paired
LTRs does provide approximate information on the age of an insertion. Therefore both
genetic distance and orthology information contribute information on the age of the

loci under investigation.

5.4.2 Characteristics associated with present-day HERV-H transcrip-
tion

HERV-H transcription data for 1,225 HERV-H loci is provided by (Wang et al., 2014).
The most highly transcribed of these loci have been diverging quickly, and are pre-
sumably under directional selection (Gemmell et al., 2015). An unanswered question,
and the crux of this study, is as follows: what is the relationship between the genomic
characteristics of a HERV-H locus and the level at which the locus is transcribed?

To answer this question, we used multiple regression to quantify the associa-
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tion between HERV-H transcription and the per locus genomic features of HERV-H
described above. The response variable in our regression is the logarithm of per locus
mean transcription in reads per kilobase per million reads (RPKM) across the 5 cell
culture types defined by (Wang et al., 2014): somatic (32 lines); cancer (8 lines); em-
bryonic (114 lines); hESC (55 lines) and hiPSC (25 lines). Of the 6,125 measurements
available (5 cell types x 1,225 HERV-H loci), 6,025 had non-zero transcription data and

were included in our regression. The resulting model M1 is shown in Table 5.2.

coefficient estimate | 2.50% | 97.50% | std. err. | t value | p value
somatic (intercept) -721| —-787 | —6.56 033 | —21.69 | p < 0.01
cancer 0.94 0.64 1.23 0.15 6.30 | p < 0.01
embryo 2.57 1.20 3.94 0.70 3.68 | p<0.01
hESC 3.19 2.43 3.95 0.39 824 | p < 0.01
hiPSC 3.48 2.72 424 0.39 8.99 | p < 0.01

L51 1.37 1.18 1.57 010 | 13.72 | p <0.01
L52-1.54 —-020| -038| -—0.01 0.09| —-2.09 | p=0.04
L52-L54:embryo 0.46 | —0.01 0.92 0.24 193 | p =0.05
G4 0.49 0.24 0.74 0.13 3.82 | p<0.01

P4 —-0.57 | —-0.81| —-0.32 012 | —4.56 | p<0.01

P5 -078 | —-118 | —0.38 020 | —-3.83 | p<0.01

P6 —-096 | —-124| —-0.67 014 | —6.64 | p<0.01

E3 -049 | -084| -0.13 018 | —-270 | p=0.01

LTR divergence -9.05 | —14.27 | —-3.83 266 | —340|p<0.01
stem:type-I 1.16 0.78 1.54 0.19 6.03 | p <0.01
embryo:TII 3.47 2.47 4.48 0.51 6.78 | p < 0.01

Table 5.2: Model M1, a non phylogenetic representation of HERV-H transcription in
the form of a multiple regression; R?> = 0.57, Adjusted R? = 0.57, F-statistic = 198.7 on
15 and 2243 DF, p < 0.01.

To construct model M1 we used AIC based model selection and plots to explore
model space and then formulated a minmum adequate model to explain features of
our dataset i.e. we retained only significant and marginally significant explanatory
variables at the expense of model fit.

Transcription by cell type: as model M1 demonstrates, HERV-H transcription
is distinct among cell types, with transcription being lowest in somatic cells (the inter-

cept term). Transcription increases significantly in turn for each cell type: cancerous
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cells, embryonic cells, hRESC cells and hiPSC cells.

Genic regions: the presence of genic regions G1-G4, P1-P8 and E1-E5 was
generally found to be negatively associated with transcription of HERV-H loci in all
cell types. The regression shows this negative correlation was significant for regions
P4, P5, P6 and E3 in particular. Notably, genic region G4 was positively correlated
with transcription.

Transcription and LTRs: although non-genic LTR region L51 was found to be
significantly positively correlated with HERV-H transcription, regions L52-L54 (in-
dicators L52 + L53 + L54) appeared to hinder transcription. However, as model M1
shows, the negative correlation between L52-54 and transcription did not apply in
embryonic cells, where the presence of these three LTR regions appears to correlate
in the opposite direction. Note that variables L31-L.34 were essentially collinear with
variables L51-L54 and were therefore dropped from the regression model—results ap-
plying to L51-L54 were confirmed as applying equally to L31-L34.

We observed the presence of type-I and type-II repeats to be correlated with
transcription in particular cell types. Type-I HERV-H were particularly associated
with stem cell transcription. This is confirmed by the significant positive correlation
between transcription and the interaction term between composite variable type-I (in-
dicators TI 4 UI) and indicator variable stem (1 for measurements from hESC or hiPSC
cells and 0 otherwise). LTRs containing type-II repeats (i.e. type-Ia and type-II LTRs)
are particularly associated with embryonic transcription. This association is demon-
strated by the positive correlation between measurements from embryonic cells and
the variable TIL

Effect of other factors: HERV-H transcription was found to decrease with the
age of a locus as approximated by the nucleotide divergence between its paired LTRs.
The distance between a HERV-H locus and the closest gene to that locus was nega-
tively correlated with transcription in somatic cells and is investigated below.

Summary of regression: An R? value of 0.57 indicates that the contempo-
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rary state of HERV-H transcription is explained well by the intrinsic characteristics
of HERV-H loci; the residual error in model M1 is largely due to the under fitting of a

number of loci that are exceptionally highly transcribed as can be seen in Figure 5.2.
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Figure 5.2: Fitted versus actual transcription for non phylogenetic model M1.

5.4.3 Phylogenetic analysis of HERV-H transcription

The coefficients in Table 5.2 describe, at face value, the association between the ge-
nomic features of HERV-H loci and their transcription: each transcription measure-
ment in model M1 is considered independent of every other and, when describing
the current state of HERV-H transcription in humans, this is certainly a useful ap-
proach. However, when robustly testing a hypothesis it is preferable to control for

non-independence between measurements due the evolutionary relationship between
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the entities they are derived from. To do so one performs a phylogenetic regression
(see Methods).

A phylogenetic regression requires a tree that relates HERV-H loci. We were
able to create a supermatrix nucleotide concatenation of the gag, pol and env genes of
847 of the 1,225 HERV-H loci. A maximum likelihood (ML) phylogeny was then pro-
duced (see Methods). Of the loci in the phylogeny, 409 had a complete collection of
genomic features, i.e. no missing values, and could therefore be used in our phylo-
genetic analysis. We first describe the placement of the genomic features of HERV-H
with respect to our ML tree. We then detail three phylogenetic multiple regressions:
models M2 (somatic), M3 (embryonic), and M4 (stem).

Figure 5.3: shows a ML phylogeny of the aforementioned 409 HERV-H loci.
Tips of the tree are coloured red, orange, or blue according to the categorical transcrip-
tion level assigned to them by Wang et al. (2014). (Categorical transcription is an as-
signment of transcription based upon a hierarchical clustering of loci by transcription
across all cell lines.) It can be seen that loci annotated as highly transcribed by Wang
et al. (2014) are located towards the bottom of this ladderized tree. We confirmed that
this phenomenon was also true of phylogenies built using LTRs and from amino-acid
or nucleotide trees of individual HERV-H genes, though we do not show these trees
here.

The columns somatic, embryo, and stem of Figure 5.3 show the average tran-
scription of loci across cells categorized as somatic, embryonic or stem respectively.
Considering these columns in conjunction with the column marking LTR type one can
see that type-la/II loci are distributed through the tree and are associated with higher
levels of embryonic transcription, even if a locus is categorically characterized as inac-
tive or moderately active by Wang et al. (2014).

Columns L5, gag, pol, env, and L3 indicate the presence or absence of the in-
dividual viral regions L51-1L.54, G1-G4, P1-P8, E1-E5 and L31-34. Highly active loci

towards the bottom of the tree can be seen to have highly intact LIRs while some less
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Figure 5.3: Phylogeny, cell type specific transcription levels, and per locus genomic
teatures of 409 full-length HERV-H loci from the human genome.
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transcribed loci towards the top of the tree have less intact LTRs. Less active older
loci towards the top of the tree tend to have relatively complete internal regions when
compared to the active loci at the bottom of the figure.

The sequences used to build the phylogeny in Figure 5.3 come from the human
genome. An indication of the age and status of HERV-H loci in other primates is given
by the column cgom. This indication was obtained by searching for each HERV-H loci
within the six-way EPO alignment of primate genomes (see Methods). Loci present in
chimpanzee, gorilla, orangutan or macaque at a minimum of 25% of the level that they
appear in human are then marked with a dot as appropriate. Surprisingly, it is clear
from this column that that less derived and less active HERV-H loci located towards
the top of the tree appear to more likely to be present in a substantive way in other
primates. The active and derived loci towards the bottom of the tree tend to be absent
or degraded in other primates.

A simplified version of Figure 5.3 appears as Figure 5.4, and highlights the main
findings of this study.

Phylogenetic regression: the PGLS method uses branch lengths of a tree to
specify the variance-covariance structure of regression residuals. A A parameter may
then be introduced to specify the strength of the interaction between phylogeny and
residuals. The ML estimate of A can therefore be used to describe the degree of phy-
logenetic signal in a regression. The PGLS technique is thought to be relatively robust
to phylogenetic error (Garamszegi, 2014, p. 122). Three minimally adequate PGLS
regressions are reported in Table 5.3: model M2 has mean somatic transcription as a
response variable; model M3 has mean embryonic transcription as a response variable;
and model M4 has mean transcription across hiPSC and hESC as a response variable.

Model M2: suggests that the presence of genic region P7 is positively correlated
with HERV-H transcription in somatic cells. The model suggests a negative correla-
tion of similar magnitude for genic region P5. Finally, the model suggests that the

distance between a HERV-H and its nearest gene is negatively correlated with its tran-
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Figure 5.4: A simplified version of Figure 5.3, highlighting the main findings of this
study. Note that many loci are omitted for the sake of clarity.
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model M2 — somatic cells

coefficient estimate 2.50% 97.50% | std. err. | t value | p value

(Intercept) —8.09 —10.27 —591 111 | 727 | p<0.01

P5 —1.60 —3.13 —0.08 078 | —2.06 | p=0.04

pP7 1.94 0.29 3.59 0.84 231 | p=0.02

nrst. gene —3.00x 107® | —3.58 x 107® | —1.48 x 10~° 0.00 | —4.74 [ p <0.01
model M3 — embryonic cells

coefficient estimate 2.50% 97.50% | std. err. | t value | p value

(Intercept) —5.26 —6.92 —3.60 0.85| —6.22 | p<0.01

L51 0.76 0.23 1.29 0.27 2.82 | p<0.01

G4 0.46 0.10 0.82 0.18 250 | p=0.01

P6 —0.98 -1.72 —0.23 038 | —257 | p=0.01

type-1I 2.24 1.32 3.16 0.47 476 | p < 0.01

type-la 0.71 —0.55 1.97 0.64 111 | p =027

model M4 — stem cells

coefficient estimate 2.50% 97.50% | std. err. | t value | p value

(Intercept) —6.23 —-8.17 —4.29 099 | —-6.30 | p<0.01

L51 1.28 0.72 1.85 0.29 446 | p <0.01

G4 0.75 0.21 1.29 0.27 272 | p=0.01

P6 —0.91 —1.75 —0.06 043 | —211| p=0.04

LTR divergence —21.21 —32.54 —9.89 578 | —3.67 | p <0.01

type-I 0.88 0.44 1.33 0.23 3.87 | p <0.01

Table 5.3: Three phylogenetic regressions relating transcription to genomic character-
istics of HERV-H loci. Summary, 409 degrees of freedom: M2 (somatic) A = 0.49 (0.12,
0.87), R? = 0.01; M3 (embryonic): A = 0.48 (0.17, 0.78), R*> = 0.24; M3 (stem) A = 0.50
(0.27,0.73), R* = 0.13.
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scription in such that that a 1 Mbp increase in distance results in a 3-11 fold drop in
transcription.

Model M3: confirms several of the features seen to be important across the
larger dataset or in Figure 5.3 are robust to phylogenetic correction. The presence
of genic region P6 is negatively correlated with embryonic transcription whereas the
presence of genic region G4 is positively correlated with embryonic transcription. The
positive correlation between the presence of region L51 and embryonic transcription
is confirmed, as is the positive correlation between type Il repeats and embryonic tran-
scription.

Model M4: agrees with model M3 on the role of region L51, and genic regions
G4 and P6. The model also confirms that type-I LTRs are correlated with stem cell tran-
scription, as suggested by the non-phylogenetic regression. Additionally, model M4
suggests that older ERVs that have a higher divergence between LTRs are less active
in stem cells. This negative correlation between stem cell transcription and LTR diver-
gence would be expected based on the clustering of highly transcribed loci towards
the bottom of the tree in Figure 5.3.

Summary of regression: In contrast with model M1, models M2-M4 contain
fewer significant effects. Using a coefficient of determination corrected to take account
of correlation structure (Paradis, 2011, p. 224) we find that for model M2, R?2 = 0.01
and therefore that model M2 explains almost nothing. As somatic transcription of
HERV-H is low in absolute terms and decreases with the distance of a loci from genes
we suspect that it is ectopic noise i.e. some transcription of HERV-H is registered in
somatic cells but this is due to the transcription of neighbouring genes and imper-
fect silencing on the part of the host. For both these reasons we shall not consider
model M2 further. Model M3 has R? = 0.24 and therefore explains nearly a quarter
of the variance in embryonic transcription of HERV-H using only a few features of the
HERV-H loci themselves. Model M4 has R? = 0.13 and as with model M1, seems to
under fit the most highly transcribed HERV-H loci (Figure 5.5). All PGLS models pos-
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sessed an intermediate level of phlyogenetic residuals: M2 A = 0.49 (95% confidence
interval 0.12-0.87); M3 A = 0.48 (95% confidence interval 0.17-0.78); M4 A = 0.50 (95%

confidence interval 0.27-0.73).
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Figure 5.5: Fitted versus actual transcription for model M4 (stem). Points are colour
coded according to the categorical transcription levels of Wang et al. (2014). Outliers

are marked using solid circles and identified by a serial number (see Supplementary
File 5.1).

The characteristics of the most under fitted 5% of HERV-H loci from model M4
were examined. These 21 outliers (Figure 5.5) were found to have similar genomic
features to the sample as a whole except that they were more likely to possess region
L51 and were located slightly further away from genes than the sample average. Only
the presence of region L51 was statistically significant (Wilcoxon rank sum test, W =
5361, p < 0.01). The 21 outliers were also examined in the UCSC Genome Browser.

A minority of 9 loci were found to be adjacent to regions marked as highly conserved

122



across vertebrates (PhyloP track). Some 8 loci were marked as part of spliced ESTs
as would be expected given their transcription in cultured stem cells. As might be
expected from the results of Gemmell et al. (2015), in general there also appeared to be

a higher density of SNPs in the HERV-H regions than in the corresponding flanks.

5.5 Discussion

We investigated 1,225 full-length human HERV-H loci for which transcription data is
available (Wang et al., 2014) and identified a hierarchy, whereby HERV-H transcription
is lowest for somatic cells, and higher for cancerous, embryonic, hRESCs and hiPSCs cell
lineages in turn. Comparing these full-length HERV-H loci to a published consensus
(Jern et al., 2005) we also determined the properties of HERV-H that are significantly
correlated with transcription.

We found the integrity of HERV-H LTRs to be important to the magnitude of
HERV-H transcription. In particular, transcription of HERV-H is consistently corre-
lated with the presence of the first 114 bp (L51) of the consensus LTR. This short se-
quence is part of the larger U3 region and is known to contain a MYB binding site
(76-80) as well as to finish with an Sp1 binding site (105-114). The positive correlation
between the presence of L51 and transcription can be seen in models M1, M3 and M4.
The correlation makes sense given Sp1 binding sites have been shown to be important
in previous assays (Sjettem et al., 1996; Anderssen et al., 1997).

We also found LTRs to be correlated with where HERV-H is transcribed. HERV-
H loci classified as type-I were roughly twice as highly transcribed in stem cells (mod-
els M1 and M4) when compared to other loci. On the other hand we found the pres-
ence of a type-II repeat increased transcription of HERV-H loci by at least a factor of 2
(model M1 and M3) in embryonic cells. The correlation between embryonic transcrip-
tion and type-II repeats is not exclusively due to type-Ia loci as the indicator variable

type-la is not a significant factor in model M3. These results are contrary to previous
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suggestions that type-II loci are inactive (Anderssen et al., 1997). It is possible that
type-1II loci have been thought to be inactive due to their relatively low transcription
when compared to type-I HERV-H in some cell types.

The finding that type-II repeats are transcribed in embryonic cells is potentially
important in light of the widespread interest in cultivating naive human cells. Mouse
ESC cultures have been shown to contain sub-populations of naive-like cells that have
totipotent properties (Macfarlan et al., 2012), and these totipotent cells have transcrip-
tional characteristics that are usually associated with 2-cell embryos. Our analyses
show that the type-II repeat is correlated with HERV-H transcription in early human
embryonic cells. At the same time, these loci with type-II repeats do not appear to be
a focus of (Wang et al., 2014) as they do not usually cluster into the highly transcribed
category (Figure 5.3). As the work of Macfarlan et al. (2012) shows that the natural
timing of the transcription of repeat loci is relevant for identifying naive-like cells in
mouse, it is worth considering whether a similar situation is true for humans also.
If so, it would be the type-II HERV-H loci that would be most relevant as totipotency
markers, making it important to distinguish between type-I and type-II loci when con-
ducting experimental work. To our knowledge such a distinction has not been made
recently. In future, focussing on type-II repeat containing HERV-H might be more
useful than treating all HERV-H as identical entities.

A different feature of our results is the fragmented nature of the pol and env
genes of many HERV-H loci (Figures 5.1 and 5.3). It has previously been shown that
the decay of env is a common feature of the most prolific families of retrotransposons
(Magiorkinis et al., 2012) and HERV-H seems to be usual in this respect. In addition
it is reasonable to assume that a more complete (longer) pol or env will contain more
sequence that triggers host defences or is more likely to be involved in ectopic recom-
bination events (Gonzalez and Petrov, 2012). In particular we find here that the P6
region of pol is negatively correlated with transcription to the extent that the presence

of P6 is associated with a roughly 2 fold decrease in HERV-H transcription (models
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M1, M3, M4). This result shows that even today more complete HERV-H loci are sub-
ject to more restricted transcription in their host.

In light of the preceding discussion it is striking that the gag gene is relatively
complete in the majority of HERV-H and that the presence of the G4 region is pos-
itively correlated with a 48-66% increase in HERV-H transcription (models M1, M3,
M4). The consensus HERV-H gag gene has previously been annotated and was found
to contain only two transcription factor binding sites (Jern et al., 2005). Both of these
sites bind zinc finger proteins (ZFPs) and are located in region G4 (1390-1431 and
1459-1497). Their presence may provide an explanation of the relationship between
G4 and transcription.

There are hundreds of KRAB zinc finger binding proteins (KZNFs) coded for
in the human genome (Birtle and Ponting, 2006) and their evolutionary role as mam-
malian suppressors of ERVs is just beginning to be described in detail (Thomas and
Schneider, 2011; Lukic et al., 2014; Jacobs et al., 2014). KZNFs bind retroelement DNA
with their zinc finger domain and a TRIM28 complex with their KRAB domain, and
it has recently been shown that they operate in human stem cells, where they are a
way for a host to control ERVs via epigenetic silencing (Turelli et al., 2014). As loci
containing region G4 can be bound by host ZFPs/KZNFs we would expect any loci
that retain G4 to be more co-optable. This is because loci that retain G4 possess two
additional features that allow them to be more easily controlled by pre-existing mech-
anisms where transcription is appropriate, and more effectively silenced elsewhere.
In contrast, the transcription of loci without G4 would need to be controlled via an-
other mechanism, probably involving mutation or fragmentation followed by selec-
tion. Such a mechanism might be less plastic and would also take some time to evolve,
as each individual locus would have to be modified through a series of intermediate
states. As a consequence, new HERV-H loci without G4 would be more likely to be
degraded or removed from the population via purifying selection some time before

they could accumulate enough changes to act in a way that conferred a net benefit to
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the host, and in this sense they would be less co-optable.

A synthesis of the above discussions begins to suggest a natural perspective on
HERV-H that assesses its structure in three ways: first as an exogenous virus approx-
imated by the consensus; second as a prolific endogenous retrovirus as characterized
by the majority of loci in the genome; and third as strategically located and co-opted
host sequence. The point of such elaboration is that it clarifies the structural features
of HERV-H that we see today.

In the distant past exogenous HERV-H was a complete retrovirus adapted to
horizontal transmission. As such it was characterized by a full complement of retrovi-
ral genes and a range of pathogenic effects. The traces of this history are visible in the
aggregated structure of the entirety of the HERV-H loci in the human genome.

At some point roughly 35 Ma (Mager and Freeman, 1995) an endogenization of
HERV-H occurred. It is possible that HERV-H then drifted to fixation. It is also plausi-
ble that HERV-H immediately provided some benefit to its primate hosts. Indeed, by
assuming that ancestral HERV-H provided antiviral protection of the kind provided
by enJSRV in sheep we might even explain the relatively intact nature of the gag gene
at the majority of HERV-H loci. This is because, in the case of sheep, endogenous
gag is thought to provide protection by competing with exogenous gag for receptor
HYAL?2 and also by interfering with exogenous gag during virion formation (Varela
et al., 2009).

The intact nature of gag is in stark contrast to the fragmented pol and env genes
that are the hallmarks of prolific retrotransposons. Fragmented HERV-H clearly mul-
tiplied successfully and some loci fortuitously retrotransposed into regions where, as
long as they were properly controlled, they could benefit the host. The precise role of
HERV-H remains elusive but involves an ability to be transcribed at the appropriate
time in the appropriate cell type. If our hypothesis about control is correct then the
importance of G4 would go some way towards resolving the puzzle of why HERV-H

is present at a roughly 1:1 full-length to solo-LTR ratio in the human genome. This
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ratio is extraordinary (Bannert and Kurth, 2006) and is not an artefact of the loci being
young (see Chapter 4). In this case the subset of HERV-H that have been co-opted
can be viewed in a third way: an aggregation of LTRs and the G4 region of gag, both
embedded in an ancestral ERV packaging, the remainder of which may be of little
functional consequence today. This final viewpoint happens to respect the fact that

HERV-H loci have persisted in an unusual state for so many years.

5.6 Conclusion

We examine the full-length HERV-H loci in the human genome and characterize them
using genomic features including LTR subtype, approximate age, and large deletions.
HERV-H transcription is highest in stem cells, and lower in embryonic and somatic
cells in turn.

We find that younger type-I HERV-H are the most transcribed members of the
HERV-H family as they are particularly active in hESC and hiPSC cell lines. These
active loci tend to be highly internally fragmented though integrity of the LTR, in
particular the first 114 bp, is significantly correlated to transcription.

Although HERV-H transcription is highest in stem cells, it is still roughly six
times higher in embryonic cells than somatic ones. In these embryonic cells we have
shown that loci containing type-II repeats are most active. By analogy to mouse, we
suggest that type-II loci may be more relevant to totipotency than the younger type-I
repeats, given their earlier natural transcription.

Finally, we find that the presence of the last 441 bp of gag is significantly pos-
itively correlated to HERV-H transcription in both embryonic and stem cells. This is
surprising and we suggest that while HERV-H LTRs drive transcription, binding sites
in the last third of gng made some HERV-H loci more amenable to control via host si-
lencing and consequently more likely to be first tolerated and later co-opted for a role

in stem cell identity.
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Chapter 6

Summary of main results and closing

thoughts

Below I will summarize the results and conclusions of chapters 2-5 as well as introduce
some additional points that only make sense in the context of all four of these studies.
I will finish with some closing thoughts and some ideas on possible future directions

for ERV research.

6.1 Female risk-factors and non-neutral ERVs

In Chapter 2, I investigated the relationship between sex, meiotic recombination, and
the conversion of full-length ERVs into solo-LTRs. Creating a mathematical model
allowed me to discuss this relationship as well to ask about the the origin of ERVs: did
more ERV loci originate in males than females?

The motivation for these investigations was due to two questions. First, is the
deeper male germ line responsible for more endogenizations than the shallower fe-
male one ? Second, does meiotic recombination play a role in promoting solo-LTR for-
mation, and therefore limit the spread of ERVs as selfish DNA? Additionally, I wanted

to examine patterns of solo-LTR formation in a wide variety of species and in a way
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that circumvented shifting local recombination rates.

Having examined several animal genomes, the five results of Chapter 2 were
as follows: (i) that solo-LTRs were often found at an allosomal to autosomal ratio of %
to % in accordance with the expectations of the model; (ii) that the distribution of solo-
LTR ratios suggested that ERVs do not exhibit a universally male biased integration
pattern (half did, one quarter did not, one quarter were ambiguous); (iii) that full-
length ERVs were often found at a ratio greater than 2, exceeding the maximum ratio
expected under a deletion process strongly linked to recombination or otherwise; and
(iv) that only in the case of the opossum, that has unusual X chromosome biology, was
a full-length ERV ratio found to be less than 1, i.e. indicative of male bias. Taking the
results relating to full-length ERVs to be more suggestive of a female bias than of a
male one, a pair of conclusions were also drawn.

First, the ERV integration process is not strongly linked to the depth of the male
germ line. This conclusion is based on the full-length and the solo-LTR data, and
makes sense in light of wider biology for two reasons: (i) ERVs are often expressed
(and therefore are likely to integrate) at a very early point in the lifecycle of a host, and
the difference between the depth of male and female germ lines is simply irrelevant
at this time; (ii) ERVs are known to be highly expressed in the placenta and therefore
females are likely to come into contact with active ERVs due to their role in pregnancy,
whereas males are not.

Second, although the full-length ratio of allosomal to autosomal ERVs is most
consistent with a female integration bias, the higher than expected ratios that were
observed could be due to at least three factors: (i) that full-length ERVs are not deleted
quickly enough that the predicted ratio has been reached; (ii) that ERVs are non-
neutral mutations and that therefore they do not drift to fixation; or (iii), that the ev-
idence is entirely consistent with a deletion process that is strongly linked to meiotic
recombination rates and that the larger than expected point estimates are statistical

artefacts.

129



With respect to subsequent investigations from later chapters some additional
conclusions can also be formulated. The results of Chapter 4 suggest that we can rule
out the idea that in general ERVs are not deleted quickly enough for an equilibrium
to be set up. This is because it seems that ERVs are in fact generally deleted extremely
quickly. However, if it is the case that there are often large families with unusual dy-
namics, like HERV-H, then in future the members of these exceptional families should
be censored from studies like that performed in Chapter 2. If they are not, they may
dominate results in an unpredictable way.

The results of chapters 3 and 5 also have something to add, for they suggest
that we cannot rule out the idea that many ERVs do not drift to fixation. Indeed, we
should take the idea that a reasonable proportion of ERVs are not neutral mutations
quite seriously. This is because, if we look at HERV-H, we see that full-length loci
evolve differently at the nucleotide level when compared to ERV loci from other fam-
ilies and to other selfish DNA. We also see that HERV-H has its own, slower, deletion
dynamics, and that part of the internal region of HERV-H appears to be positively as-
sociated with its transcription, and therefore presumably its function in humans. For
the reasons mentioned in Chapter 2, unless some very specific facts about the fitness
effects of ERVs are known, it is not possible to predict how selection would impact on
the relative fixation probability of ERVs. However, this is no argument against further
investigation.

Beyond the censoring of particular families, an additional methodological im-
provement could be made to address the sex-specific origin of ERVs in the future. This
would involve taking account of the life histories of the hosts in which ERVs are stud-
ied as there may be interesting confounding factors. For example, since the research
in Chapter 2 was conducted, Hayward et al. (2015) have studied ERV transmission
with respect to a number of ecological variables, finding that internal fertilization is
correlated with ERV abundance. A study by Katzourakis et al. (2014) has suggested

that as body size increases retroviral activity decreases. Though it does not appear that
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body size is a strong predictor for conventional mutational bias (Sayres et al., 2011),

ecological confounds should be accounted for nevertheless.

6.2 Directional selection on highly transcribed ERVs

The speculation that a proportion of ERVs might be in symbiosis with their hosts
(Chuong, 2013), as well as the knowledge that even harmful selfish DNA can fix under
some circumstances (Charlesworth and Charlesworth, 1983), motivated me to inves-
tigate the evolution of orthologous ERVs from human and chimpanzee in Chapter 3.
This involved categorizing paired sites from DNA alignments as one of full-length
ERYV, selfish DNA, or non-selfish DNA. The hypothesis of Chapter 3 was that some
ERVs might evolve significantly faster (directional selection) or slower (purifying se-
lection) than the neutral rate of evolution, as estimated by sites from the category
selfish DNA.

The eleven findings of the study are as follows: (i) that there is a hierarchy of di-
vergence, such that ERVs diverge faster than other selfish DNA, that in turn diverges
faster than non-selfish DNA; (ii) that there is a hierarchy of divergence, such that the
autosome diverges faster than the X chromosome; (iii) that the difference between the
divergence of a typical ERV and typical selfish DNA is a statistically significant, but
very small, 10~# substitutions per site; (iv) that the relative divergence of an ERV is sig-
nificantly positively correlated with the length of its LTRs; (v) that the relative diver-
gence of an ERV is significantly positively correlated with the amount of neighbouring
sequence that is non-selfish DNA; (vi) that potentially younger HERV-H diverge sig-
nificantly faster than other ERVs; (vii) that the divergence of HERV-H is significantly
positively correlated with categorical or continuous measures of its transcription in
human stem cells; (viii) that the ratio of relative ERV divergence is greater for X-linked
ERVs than for autosomal ones, suggesting substitutions into ERVs have a recessive

effect; (ix) that the divergence of highly transcribed HERV-H implies a selection coeffi-
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cient of the order of 10~* that is not small; (x) that highly transcribed HERV-H are not
diverging more quickly than other ERVs only because they are located in especially
conserved or rapidly evolving regions of the genome; (xi) that the faster evolution of
ERVs than other selfish DNA is not due to a CpG effect, but that a role for arbitrary
higher order effects cannot be ruled out.

The first two findings are reassuring from a methodological standpoint, as is
the finding that increased divergence is not due to a CpG effect. The following four
conclusions were drawn in Chapter 3.

First, the correlation between the length of the LTRs of an ERV and the relative
divergence of the ERV support the idea that substitutions into ERVs act to reduce the
harmful effects of transcription (Young et al., 2013) or ectopic recombination (Camp-
bell et al., 2014). In the former case, LTRs are known to have promotional activity (e.g.
Mager, 1989) and it seems reasonable to assume that longer LTRs may be better pro-
motors. In the latter case, longer LTRs might be more likely to ectopically recombine
than shorter ones (Petrov et al., 2011). In both cases, it does not seem that an ORF is
necessary in order for an ERV to have some effect on the host.

Second, the relative divergence of HERV-H loci increases with respect to the
intensity of their transcription in human stem cells. This supports the notion that
the higher relative divergence of the most transcribed HERV-H loci is adaptive. This
is particularly true given the recent discovery of the importance of HERV-H to stem
cell biology. As the selective coefficients for the most highly transcribed loci are of
the order of 107* then it is reasonable to argue that the HERV-H transcriptome has
recently evolved under the influence of directional selection.

Third, if directional selection is acting on highly transcribed HERV-H loci, it is
not clear whether it is acting to alleviate unwanted transcription or whether it is acting
to adaptively tune pre-existing host functions.

Fourth, logic suggests that the selection coefficients obtained in Chapter 3 are

lower bounds on the effect of an ERV. This is for two reasons: (i) the coefficients ap-
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ply to single substitutions whereas an ERV is thousands of nucleotides long; and (ii),
many of the potentially harmful properties of ERVs are common to other TEs, and al-
though other TEs were assumed to evolve neutrally, they too may exhibit accelerated
divergence in some cases.

The results of chapters 4 and 5 suggest that an additional conclusion should be
drawn. Chapter 4 shows that full-length HERV-H loci are deleted more slowly in pri-
mates than full-length ERVs from other families. Chapter 5 shows that internal regions
of HERV-H are associated with HERV-H transcription in humans. Both these results
further support the idea that full-length HERV-H is genuinely under selection. In the
former case this is because it appears that full-length HERV-H may be preferentially
retained in primate hosts. In the latter case this is because an internal region of HERV-
H is correlated with transcription levels, and the effect of this transcription, whether
good or bad, can presumably be modified via nucleotide substitution into full-length

lodi.

6.3 The dynamics of ERV deletion and the importance of

solo-LTRs

The investigations in Chapter 4 were motivated by two issues. First, I wanted to quan-
titatively relate the activity of various HERV families over time, which I do not think
has been done satisfactorily before. Second, I wanted to investigate the persistence of
HERYV loci in a full-length form, to test the hypothesis that ERVs are less likely to be
deleted as they age (Belshaw et al., 2007). These questions were addressed by intro-
ducing a method to process multiple sequence alignments, and a maximum likelihood
phylogenetic framework with which to interpret the resulting site patterns.

The main findings of Chapter 4 were: (i) that insertion rates obtained via sam-
pling recover common qualitative facts from the literature e.g. the relatively greater

activity of HERV-K in chimpanzee versus human or the relative timing of the major
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bursts of HERV activity; (ii) that the constant hazard (exponential) model suggests that
HERV-K are the most quickly deleted family and that HERV-H are the most slowly
deleted family; (iii) that a variable hazard (Weibull) model suggests that HERV-H is
slowly deleted, with an expected 58% chance of remaining full-length after 400,000 yr,
as opposed to a 19-21% chance for loci from other families—after 25 Myr the appropri-
ate probabilities are 31% and 5-8%, respectively; (iv) that a variable hazard model is
much more appropriate than the constant hazard model according to likelihood ratio
tests; (v) that simulation shows a variable hazard model is an adequate one; (vi) that
MLE estimates of w < 1 demonstrate that the risk of HERV deletion decreases with
HERV age, so that HERVs do “die young;” and (vii) that bootstrap replicates show
that only in the case of HERV-K is there any uncertainty over the qualitative dynamics
of solo-LTR formation.

In Chapter 4, six conclusions are reached. The first conclusion is that the results
on HERV deletion in Chapter 4 are more detailed and generalizable than those of the
previous keystone paper (Belshaw et al., 2007) in the area.

Second, an apparent speedup of HERV-K insertions is not an artefact of only
considering full-length ERVs, as is claimed by Magiorkinis et al. (2015). The speedup is
evident in Chapter 4 also, where solo-LTRs are considered. Therein, Figure 4.3 shows
that HERV-K activity in branches specific to human or chimpanzee is higher than in the
longer branch common to the human, chimpanzee and gorilla. This finding implies
that taking account of solo-LTR insertions is important when interpreting the long-
term activity of ERV families as doing so may change our perception of the timing of
major bursts of activity. Given it has been proposed that HERV-K may restrict exoge-
nous retroviruses (Grow et al., 2015) it is important to know at what times HERV-K
has been most active in order that evolution-guided host-virus analyses (Malik, 2015)
may be performed.

Third, the common application of an exponential decay process (e.g. Pereira,

2004; Lynch, 2007) is not an especially useful way to describe the preservation of ERVs
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in a full-length state. This is because it gives a misleading overestimate of the duration
for which an ERV can be expected to survive.

Fourth, the role of background recombination may account for the dynamics
of ERV deletion to a limited extent but it seems likely that mutational divergence is a
key factor. Simulation in Chapter 4 shows that if solo-LTR formation did not happen
quickly then 67% of alleles would be protected by mutations upon fixation. As experi-
mentalists have shown that a single mutation into DNA has a strong effect (Datta et al.,
1997; Opperman et al., 2004) it seems as if solo-LTR formation must occur quickly if it
is to occur at all.

Fifth, the markedly lower deletion probabilities obtained for HERV-H suggest
that the family has been subject to long-term co-option. However, the persistence of
ERVs in a full-length form is not necessarily evidence that the internal regions of the
provirus are important to the host. This is because if co-opted ERVs diverge rapidly
(as is demonstrated in Chapter 3) then this should reduce the probability that their
LTRs undergo homologous recombination.

Sixth, it is not clear how many endogenization events involve ERVs that have
already been converted to solo-LTR form, though this does not appear to be a question

that is best tackled with a phylogenetic model that operates on genomic data.

6.4 Therelationship between HERV-H structure and tran-
scription

The unusual nature of HERV-H has been established in this thesis and elsewhere.
However, the most exciting recent research (Lu et al., 2014; Wang et al., 2014) has failed
to capitalize on several decades of fairly detailed work on the HERV-H family, includ-
ing a consensus (Jern et al., 2005) and a characterization of the repeat types of HERV-H
LTRs (Mager, 1989; Goodchild et al., 1993). For this reason, in Chapter 5, I asked the

question: what features are characteristic of highly transcribed HERV-H loci?
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The four results of this investigation were: (i) that non-phylogenetic analyses
suggested LTRs have a role in determining the magnitude and specificity of transcrip-
tion but that, with the exception of the 3’ end of gag, the presence of HERV-H genes is
negatively correlated with transcription; (ii) that it was not possible to produce an in-
formative phylogenetic regression for HERV-H transcription in somatic cells; (iii) that
a phylogenetic regression of transcription in embryonic cells was informative, and
suggested that the integrity of pol is significantly negatively correlated with HERV-H
transcription, while the integrity of the 5" end of the HERV-H LTR, a type-II repeat,
and the 3’ end of gag are significantly positively correlated with transcription; (iv)
that a phylogenetic regression of transcription in stem cells was also informative, and
suggested that the integrity of pol is significantly negatively correlated with HERV-H
transcription, while youth, the presence of the 5" end of the HERV-H LTR, a type-I LTR,
and the 3" end of gag are significantly positively correlated with transcription.

These results lead to five conclusions, the first of which is that the failure to
obtain a useful phylogenetic regression for somatic transcription seems to indicate the
somatic transcription of HERV-H is noise or is idiosyncratic, for there is no evidence
or a priori reason to believe that HERV-H has a role in somatic tissue. This position
is supported by the fact that somatic expression is very much lower than HERV-H
expression in embryonic cells or stem cells (e.g. Wang et al., 2014; Goke et al., 2015).

Second, the positive correlation between HERV-H transcription and the 5’ re-
gion of its LTRs makes sense given prior knowledge of the importance of LTR integrity
for ERV transcription and the fact that this region contains binding sites that have been
shown to be important to transcription in previous assays by experimentalists (Sjottem
et al., 1996; Anderssen et al., 1997).

Third, the HERV-H LTR is important in establishing where a HERV-H is tran-
scribed. In particular, a type-II repeat doubles transcription in embryonic cells, all
other factors being equal. This is contrary to previous suggestions (Anderssen et al.,

1997) that type-II loci are inactive, as the increase is not specific to type-la LTRs.
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Fourth, knowledge that type-II repeat containing HERV-H are especially active
in embryonic cells may be important to researchers in the stem cell community. This is
because totipotent cells in mice resemble early stage embryos (Macfarlan et al., 2012),
yet type-II loci appear to be overlooked in recent HERV-H research because loci of this
kind do not usually cluster into the highly transcribed category (Wang et al., 2014).

This suggestion is circumstantially supported by the fact that although the most
highly transcribed HERV-H are younger type-], it seems a priori unlikely that the co-
option of HERV-H is a very recent event, considering the tens of Myr over which
many HERV-H have been maintained in a full-length form. If HERV-H co-option is
not a very recent event, then some older and less transcribed loci must be important,
indicating the absolute transcription level of a locus is not the sole factor that should
be used to judge whether it is important to the host or not.

Fifth, the positive correlation between the 3’ region of gag and transcription
may be due to the presence of two zinc finger protein binding sites in this region of
the gene (Jern et al., 2005). These binding sites might act as “handles” that allow a host
to more easily control transcription where appropriate and more completely silence
it elsewhere. This may contribute to an explanation of why HERV-H is more often

retained in full-length form when compared to loci from other HERV families.

6.5 Closing thoughts and future research

In this thesis I have argued that the chromosomal distribution of ERVs suggests that
there are female specific risk factors to endogenization or that ERVs are under selec-
tion. I have shown that selection has acted on highly transcribed HERV-H. I have also
shown that HERVs tend to be deleted very quickly, and that HERV-H has unusual dy-
namics among the larger HERV families. Finally, I have shown that the repeat struc-
ture of HERV-H affects the cell types it is transcribed in, and have argued that a region

of gag may be important to the preservation of HERV-H in a full-length state.
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Significant HERV research is accumulating rapidly and I expect this to remain
the case for several years. When beginning my D.Phil. it seemed natural to assume
that most ERVs drifted to fixation, yet my research, and that of others, suggests other-
wise: given the fact that many loci from a large family of ERVs in the human genome
have turned out to be important to host biology it would be reckless to assume that
similar situations do not occur in many other species.

We are quickly accumulating knowledge about the relationship between ERVs
and early human cell types. For example, this year researchers found that HERV-K loci
were expressed from the 8-cell to the blastocyst stage, resulting in the accumulation of
viral particles, Gag and Rec, the overexpression of which was shown to inhibit viral
infection (Grow et al., 2015). We should not be surprised that the immune system
responds to the expression of viral genes, nor that the youngest ERVs in the human
genome are imperfectly silenced, yet such findings do suggest that there are further
discoveries to be made about even the most scrutinized families of ERVs.

Similarly, research on HERV-H is also progressing quickly. For example, a re-
cent meta-analysis of single-cell RNA-seq data was conducted and researchers were
able to show that different HERV-H loci were clearly active at different stages of de-
velopment (Goke et al., 2015). The conclusion of the authors was that ERVs are stage-
specific regulatory elements in humans. Given the medical importance of both retro-
viral and stem cell research, it seems safe to assume that HERVs will be continually
studied for some time to come. Speculatively, I would suggest that determining the
specific importance of retrovirally derived regulatory elements in humans will even-
tually lead to insights into the origin of evolutionary innovation that will apply to
biology as a whole.

As well as learning about ERVs themselves, we are also learning more about the
mechanisms that control them in primates. Mammalian genomes contain hundreds of
genes coding for KRAB zinc finger proteins (KZNFs) that have duplicated since their

origin in early tetrapod vertebrates (Birtle and Ponting, 2006). Bioinformatics studies
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have suggested that the diversity of these KZNF proteins is due to their role as a host
defence mechanism against retroelements (Thomas and Schneider, 2011; Lukic et al.,
2014). A recent study provided a wonderful example of how such diversity could be
generated by showing that, in fact, changes that had occurred roughly 8-12 Ma en-
abled the repression of SVA elements by ZNF91, and further, that ZNF93 was able
to repress L1 LINE elements until roughly 12.1 Ma, whereupon the L1PA3 subfamily
managed to escape repression after a deletion removed its KZNF binding site (Jacobs
et al., 2014). Additionally, recent experimental research demonstrated that KZNFs si-
lence a diversity of retroelements, such as HERV-K, in human embryonic stem cells
(Turelli et al., 2014). In future I think it will be possible to determine the functional
role of HERV-H gag in the control of HERV-H loci by using a similar method to that
deployed by Jacobs et al. (2014), so that G4 variant HERV-H loci (Chapter 5) and a re-
porter could be co-expressed with appropriate KZNFs in transgenic mouse embryonic
stem cells. This kind of experiment could demonstrate an empirical link between host
retroviral defences and co-opted retroviral sequences. The fact that different HERV-H
loci are expressed at distinct developmental stages (Goke et al., 2015) would only aid
in identifying the appropriate KZNF/HERV-H combinations to examine.

While experiments are important, ultimately I think it is population data that
will more often be used to answer questions about ERV dynamics. A problem with
such an approach is identifying species that are currently undergoing ERV invasion.
One potential model species is koala, which is currently experiencing endogenizations
of Koala Retrovirus or KoRV (Tarlinton et al., 2006). There is geographic structure to
the infections—KOoRYV is spreading from north to south through the population—and
in addition the infection appears to be recent, as an artificially introduced but isolated
population of koalas on Kangaroo Island do not possess the virus (Stoye, 2006). This
year Ishida et al. (2015) studied polymorphic KoRV loci in ten individuals and found
7 LTR haplotypes originating from 10 insertions. Each insertion had identical paired

LTRs and all insertions were heterozygous (Ishida et al., 2015). Together these findings
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are consistent with the notion that KoRV is recent. However, in some ways this study
is disappointing, because with additional analyses so much more could be learned
about the early stages of ERV invasion. Indeed, population data could certainly con-
tribute to several questions tackled in this thesis. For example, low frequency ERVs
could provide information on sex-specific risk factors (Chapter 2) while the frequency
distribution of ERVs would contribute to an assessment of the fitness cost of an in-
dividual insertion (Chapter 3). Information on how often novel ERV integrations are
found in solo-LTR form would help clarify our understanding of the origin of many
HERV loci and also permit refinements of the results of Chapter 4. It would be espe-
cially interesting to know whether ERV insertions are most harmful in heterozygous
form, something that might be expected if ectopic recombination often determines the
fate of polymorphic proviruses. Any findings could be generalized to other mammals
and might therefore provide the best insight yet into retroelement population dynam-
ics in animals beyond insects.

Among the TEs the ERVs stand out as being closest in structure to exogenous
viruses, and I think acknowledging this fact is important going forward. Here popu-
lation data is again useful as it can be used to investigate the relationship between the
loss of exogenous retroviral functionality and ERV fixation and proliferation. It is my
suspicion that sequence that is completely representative of exogenous viruses may
never fix in full-length form and that the vast majority of full-length ERVs are descen-
dants of lineages which quickly became less viral-like. Of course, this is speculation,
but there is some evidence that many proviruses will be defective. For example, a
recent study of the latent reservoir of 8 HIV patients showed that of 213 proviruses,
one-third contained hypermutations that induced codon changes while nearly half
had large internal deletions (Ho et al., 2013). Therefore, even if there was no selective
cost associated with proviruses one might expect roughly half of all ERVs to have a
large internal deletion due to chance alone. In reality, many of the deletions described

by Ho et al. (2013) would actually leave proviruses in a more benign state and so it
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is plausible that such proviruses would be more likely to be transmitted in an en-
dogenous form. Population data is necessary to address these hypotheses further and
perhaps in future it will be possible to test these ideas via capture and release studies
on wild koalas.

By now there is considerable evidence that TEs, including ERVs, are responsible
for providing important regulatory elements on a large scale. Beyond the work pre-
viously mentioned in this thesis, examples include the findings of Wang et al. (2007)
who have shown that one-third of all p53 binding sites in human are due to LTR10
and MER61 TEs; Lynch et al. (2011) who found that perhaps 13% of genes recruited to
endometrial cells in placental mammals were recruited by the MER20 TE family; and
Kapusta et al. (2013) who found that TEs have been major contributors to the diversity
of long non-coding RNAs in a range of species. A recent review paper described the
situation with respect to ERVs well: retroviruses are “evolving regulatory elements”
that are active only when certain cell specific or other biological conditions are met
(Schlesinger and Goff, 2015).

The difficulty, of course, is the lack of a sufficiently precise way to describe
the costs, benefits and macro-coevolution of host and regulatory elements. Without
a mathematical framework hypotheses such as those of Chuong (2013)—who sug-
gested that ERVs and the placenta may be in symbiosis—run the risk of sounding
woolly and ill-conceived. Clearly the same clarity of thought and rigour that has been
applied when explaining the existence and proliferation of selfish DNA must now be
applied to hypotheses on the relationship between TEs and novel regulatory networks.
Though population genetics does not seem to be able to help, mathematics in general
can, and there is at least one promising direction for future research in the form of
spin-offs of computational complexity theory (Valiant, 2009; Livnat et al., 2014).

In Chapter 3, I proposed that HERV-H be used as a model system for studying
ERV exaptation in mammals. I stand by this proposal, and suggest that I have started

to address it with the work in chapters 4 and 5.  hope and expect that other researchers
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will do so too. In hindsight, I would like to suggest that the signs that HERV-H has
been exapted are obvious. In fact, despite the tremendous importance of experimental
advances, I think this is clear from bioinformatics evidence alone: as a subset of highly
transcribed HERV-H have diverged quickly, and as HERV-H is deleted slowly, it is
clear that the family is unusual. Syncytin research progressed rapidly after human
specific evidence encouraged a broader search for envelope genes with open reading
frames. Consider that in the year 2000 the syncytins were largely hypothetical yet
by 2011 their functionality had been demonstrated in mice, and by 2014 co-options
were found to have occurred in eight different lineages. This progress was possible
because bioinformatics helped identify candidate genes to examine in experimental
assays. By analogy, I suggest it would be beneficial to search genomes that are distant
from primates for further HERV-H like exaptations. In particular, I think that if an
assessment of deletion rates identifies a preferentially retained ERV family that is also
particularly conserved or rapidly evolving, then this would be good evidence that

ERVs from that family have been subject to exaptation also.
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