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Abstract

Transposable elements (TESs) are no longer considered to be ‘junk’ DNA. Here, we review how
TEs can impact gene regulation systematically. TEs encode various regulatory elements that
enables them to regulate gene expression. RJ Britten and EH Davidson hypothesised that TEs can
integrate the function of various transcriptional regulators into gene regulatory networks. Uniquely
TEs can deposit regulatory sites across the genome when they transpose, and thereby bring
multiple genes under control of the same regulatory logic. Several studies together have robustly
established that TEs participate in embryonic development, and oncogenesis. We discuss the
regulatory characteristics of TEs in context of evolution to understand the extent of their impact on
gene networks. Understanding these features of TEs is central to future investigations of TEs in
cellular processes and phenotypic presentations, which are applicable to development and disease
studies. We re-visit the Britten-Davidson ‘gene-battery’ model and understand the genetic and
transcriptional impact of TEs in innovating gene regulatory networks.
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1. Introduction

Transposable elements (TES) are repetitive sequences (sometimes of viral origin) that have
resided in eukaryotic genomes for millions of years.[1:2] By definition, most TEs (e.g.: DNA
transposons, Long-terminal repeat (LTR) retrotransposons, and Long Interspersed Elements
(LINE)) contain its own promoter and regulatory sequence that transcribes its genes
encoding machinery for their movement in the host genome. Some TEs (e.g.: Short
Interspersed Elements; SINES) that lack their own transposition machinery are mobilised
non-autonomously using another TE’s transposition machinery.[3-31 The initial discovery of
TEs was made by Barbara McClintock’s seminal maize experiments, in which she found
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that TEs altered the colour of maize kernels by its transposition.[®:”] Most TEs identified in
the human genome lack the ability to actively transpose; rare cases of insertional
mutagenesis caused by actively mobilising TEs have been observed in the human genome.
[8-11] TEs constitute 50% of the human genome sequence - most of which are present due to
drift, however it is still unclear whether TEs play an active role in the genome, and to what
extent they play such a role. Considerable efforts to study and investigate the role of TEs in
the genome are ongoing, and will ultimately highlight the functional role of TEs in cellular
processes, in both development and disease.[12:13]

TEs are often referred to as the double-edged sword, owing to their ability to have harmful
effects on gene expression and yet be the source of novel sequence in the genome.[14.15]
When TEs transpose, the cell is at risk of potentially lethal insertional mutagenesis, where a
TE inserts into an essential gene and disrupts its expression.[”:16] TEs that are not lethal to
the host could alternatively be neutral, or beneficial. For instance, TE sequences have often
contributed promoters, and exons to the host genome, which have innovated existing gene
regulatory programmes.[27:18] |n human, TEs are found in 4% of protein-coding genes and
25% promoters.[19.20] Understanding the functional role of immobile TEs in the genome is
central to determining why TEs are widespread in the genome, and what role they have in
the host genome today?

Knowing what evolutionary pressures act on TEs is important for understanding what roles
TEs might have in the genome.[?122] The ‘junk’ DNA term, often colloquially used on TEs,
referred to the lack of purifying selection pressures on TEs.[23] This implied that TEs are not
under evolutionary selection, like protein-coding genes. However this does not rule-out that
TEs were possibly once under purifying selection, which explains how TEs are so
widespread in the genome.[24.25] Although TEs are not being selected for, it is important to
acknowledge that TEs have not been eradicated from the genome. An important aspect of
TEs that is essential for its mobilisation, and subsequently large representation in the
genome is its ability to self-replicate by using the host machinery to encode its transposition
machinery (i.e., ‘Selfish DNA’ hypothesis).[26-28] The substantial representation of TEs in
genomes today is a testament to their ability to replicate more than the host that they reside
in.[29.30] |t is noteworthy here that that the contribution of TEs to the host genome sequence
might be more than current estimates owing to limitations in identifying TE sequences. TEs
need to resemble the ‘original’ TE adequately to be technically-identified — therefore TEs
that have accumulated too many mutations that make them less like their “original’ TE, are
more difficult to identify.[31] Yet, there are various articles have described the role of TEs as
facilitators in genome evolution.[28:32:33]

Britten and Davidson proposed the ‘gene-battery’ model in which they elucidated a
theoretical framework for the regulation of gene expression in eukaryotes.[34 This seminal
work laid the foundation for understanding how TEs might impact gene expression
regulation, by integrating cellular signals into gene regulatory networks.[1:34:351 |n this
Review, we characterise the ability of TEs to regulate gene expression, and its observed
regulatory potential. We aim to understand the extent to which, and estimate the contexts in
which TEs might function in the ‘gene-battery’ model and impact gene expression
regulation.
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2. Britten-Davidson’s ‘gene-battery’ model — the foundation for TE’s role in
gene expression regulation

The theoretical model of gene expression regulation postulated by RJ Britten and EH
Davison in 1969, has been one of the guiding models for defining gene expression regulation
in multicellular eukaryotes. After Barbara McClintock’s initial discovery of TEs impacting
the colour of the maize kernel, the ‘gene-battery’ model supported the ability of TEs to
participate in cellular processes.[36-381 The ‘gene-battery” model was elucidated at a time
when TEs were still largely considered to be ‘junk DNA’ (1972) or genomic parasites (i.e.,
‘Selfish’ DNA; 1980s), and largely disregarded in genetic studies.[23:26.27] Britten and
Davidson hypothesized a role for repetitive sequences in mediating gene expression
regulation in multicellular eukaryotes owing to their repetitiveness, ability to integrate
cellular signals, and mobilise effectively.[35] Multicellular eukaryotes were integral to the
model, since these organisms have large genome sequences, and often a substantial
proportion of repetitive sequence.[3%401 When the model was postulated, a few studies had
demonstrated that repetitive sequences were transcribed in differentiated cell types, and in
cell-type specific patterns.[3°]

The ‘gene-battery’ model described a framework for understanding the regulation of groups
of genes (i.e., batteries of genes) that specifies a particular cell type. In the ‘gene-battery’
model Britten and Davidson defined a ‘gene’ as a certain part of the genome which has a
specific function, which need not be limited to the commonly-known function of defining a
protein’s primary structure. The model is composed of five components or ‘genes’: sensor
genes (e.g. hormones, and molecules involved in inter- or intra- cellular control), integrator
genes (synthesizes activator RNAs in response to activity in sensor genes and coordinates
the activity of downstream genes; e.g. regulatory factors), activator RNAs (binds at receptor
genes; e.g. biochemical form of regulatory factors), receptor genes (linked to producer genes
and regulates its transcriptional activity; e.g. promoters, and possibly enhancers), and
producer genes (transcribed genes; e.g. haemoglobin subunit and tRNA molecules; Figure
1A). Together the set of producer genes, which is activated based on the activity of a specific
sensor gene and its associated downstream regulators (i.e., the integrator gene and activator
RNA), is defined as ‘battery’ of ‘genes’ (Table 1).

A collection of such gene-batteries was hypothesized to define a particular cellular state, by
the integration of the functionality of multiple batteries (Table 2). Cellular differentiation is
affected by external cues and signals (e.g. hormones), which in turn co-ordinately activate
hundreds of genes in different parts of the genome (Figure 1B). In their model, Britten and
Davidson describe two modes of integration of signals that vary based on where the
redundancy of information lies.[34] First, there could be redundancy in receptor genes, where
a producer gene is included in the battery if it has the receptor gene associated with the
sensor gene regulating the battery. Second, there could be redundancy in integrator genes,
where a producer gene is included in a battery when the sensor gene regulating the battery
has an integrator gene corresponding to the producer gene.[1:35] The first mode of
functioning permits coordinated regulation of producer genes. However, the second mode of
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functioning is possibly the more powerful mode of functioning as it integrates several
diverse producer genes into one battery.

Here, an important aspect of the ‘gene-battery” model is the role of repetitive sequences in
gene regulatory networks. Other than the role of TEs in contributing new material for the
evolution of gene-regulatory sequences (producer genes), this model hypothesizes a role for
TEs in the integration of cellular signals, at the levels of receptor genes and integrator genes.
As models of gene regulatory network evolution are still debated, the ‘gene-battery” model
and the role of TEs in this model becomes important to understand.[41]

3. Widespread enrichment of transcription factor (TF) binding sites in TEs

The first genome-wide identification of TF binding sites occurring in TEs was observed for -
p53, a tumour-suppressor gene. Up to 30% of p53 /n vitro binding sites are encoded in
primate-specific endogenous retrovirus (ERV) long-terminal repeats (LTRs).[42] At a time,
when most sequence-alignment algorithms discarded reads mapping to multiple genomic
loci, this finding showed that TEs can be analysed based on uniquely-mapping sequencing
reads too. Among many hundred thousand of human LTRs, 0.5% of the LTRs contribute a
p53 binding motif, which represents 30% of the /in vitrobinding sites for p53 -- this
demonstrates the power of TEs in innovating existing transcriptional networks.

Subsequently, several other studies also demonstrated that TEs contribute binding sites for
other TFs, including pluripotency factors (OCT4, NANOG), and genome-organisation and
insulator-protein CTCF.[43-45] The finding of TEs with binding sites for TFs such as OCT4,
NANOG and CTCF can be explained by the fact that TEs are epigenetically de-repressed in
the germline and embryonic stages, and these TFs are active thereby promoting the spread of
TEs.[#8] There could also be unknown germline functions for several TFs that might have
binding sites in TEs. These studies further encouraged the possibility that TEs encoded
binding sites for various TFs, but the extent to which TEs contained TF binding sites was
still unknown. We investigated ChlIP-seq binding profiles /n7 vitro of 26 TFs in two cell types
in human and mouse, and quantified the contribution of TF binding sites by TEs.[4748] On
average, 20% (range: 2—40%) of a TF’s /n vitro binding sites is likely to occur in TEs.[4%] To
understand if TEs have systematically shaped transcriptional networks by depositing TF
binding sites for various TFs, it is critical to set an expectation (Figure 2A). Based on the
‘junk’ DNA hypothesis, it can be expected that TEs have no contribution to TF binding sites.
Alternatively, assuming that TEs constitute ~50% of the human genome sequence, by
chance 50% of a TF’s binding sites can be expected to occur in TEs.

We observe that the fraction of TF binding sites derived from TEs is TF-specific.
Enrichment studies demonstrate the ability of TEs to co-ordinately impact transcriptional
networks, thereby potentially ‘rewiring’ existing gene regulatory networks. From previous
studies, enrichment analyses have defined certain TF-TE associations in which a specific TE
subfamily enriches for ChIP-seq binding sites and binding motifs for specific TFs. In this
model, TF binding motifs in transposing-TEs are deposited across the genome, as the TE
transposes (labelled “co-ordinated expansion of a TE”; Figure 2B). The mobility in TE
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subfamilies containing TF binding motifs serves as an evolutionary vehicle for the TF to
gain new target binding sites, and consequently potential target genes to control.

Alternatively, the evolution of new TF binding sites could occur by evolutionary mutational
processes that can occur in any genomic sequence that is not under purifying selection. TEs
are widely thought to be raw material for the evolution of new TF binding sites, based on
mutational processes under neutral evolution (labelled “TE serves as the raw material for the
evolution of a TF binding site”; Figure 2B).1501 However, the model of neutral evolution of
TF binding sites cannot facilitate the impact on multiple genes in a gene regulatory network,
as found in the former model of rewiring facilitated by a TE subfamily. The former model
serves as an efficient mechanism for the host cell to utilise the existing regulatory
information in TEs, and also rewire of existing gene regulatory networks. The difference in
these two models is observed in the differences in enrichment scores of TF binding in TEs
belonging to subfamilies where multiple elements contain the binding site, compared to
individual TEs that encode TF binding sites (Figure 2C).[4%1 In 2007, Wang et. al. speculated
that TEs might be the reason for p53 being a master regulator, based on the gained access to
controlling genes provided by TE-derived TF binding sites.[42] We also observed that the
more number of binding sites that a TF has, there is also a higher fraction of the sites found
in TEs (lowest panel of Figure 2A), suggesting that the TFs might have gained ‘master’
regulator status through TE-mediated expansion of their binding sites.[49]

Just as importantly, TEs have also been observed to lose binding sites for certain proteins, in
what is well-known as the evolutionary arms race.[1] The evolutionary arms race is a
widely-studied evolutionary biology concept that describes a constant competition between
two entities that are co-evolving to outcompete each other. Jacobs et al., demonstrated that
certain primate KRAB zinc-finger protein genes (known suppressors of TE activity),
undergo a rapid evolution to outcompete the spread of two TE families — SINE-VNTR-Alu
(SVA) and LINE (L1) elements. While one KZNF protein evolved structurally to suppress
SVA elements, another KZNF protein lost its ability to suppress L1 elements, when the L1
family lost the binding site for the protein. A similar observation has been made in the
evolution of the immune system (major histocompatibility complex - MHC) and TEs.[52:53]
Together, these examples represent our understanding of the role TEs can have in genome
evolution, and the constant contention between TEs and the host genome.

4. TEs can deposit modules of TF binding sites to integrate the function of

multiple related-TFs in specific biological pathways

Britten and Davidson hypothesized the theoretical role of TEs in impacting gene regulatory
networks.[34] However, the lack of genome-wide data for TF binding made it difficult to
garner evidence for the role of TEs in this model. Through years of comparative genomics,
and with the completion of various genome sequences, we learnt that TEs represent a
sizeable fraction of regulatory sequences, and thousands of TEs undergo purifying selection.
[54.55] Sybsequently, as mentioned in the previous section, we also learned that TEs contain
binding sites for TFs and have epigenetic signatures of transcriptional enhancers. In some
cases, the biochemical activity of these TEs were validated using classical luciferase reporter
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assays.[42:56] More recently, with the advent of high-throughput experimental assays the
regulatory activity of more TEs can be dissected.[57]

Cis-regulatory modules are widely known for their ability to integrate the effects of multiple
TFs and coordinate the expression of sets of protein-coding genes for a given biological
process. As described by Britten and Davidson, repetitive sequences like TEs are uniquely
able to co-ordinate gene expression regulation across the genome (Figure 3A). TEs carrying
‘ready-to-use’ modules of TF binding sites in a particular pathway, provides an efficient
evolutionary mechanism for the cell to evolve new target genes.[>0 Recently we identified a
cis-regulatory module of pluripotency TF binding sites encoded in a class of mouse-specific
ERV sequences.[38] Binding sites for Oct4and Nanog have been identified in TEs in the
mouse genome, previously.[44l We discovered certain mouse-specific LTRs (missing in rats)
that contained /n7 vitro binding sites for three of the five pluripotency TFs studied — E5r7b,
K4, Nanog, Oct4 and Sox2.15°]

Using CRE-seq, a massively parallel reporter assay, we were able to dissect the regulatory
interactions between the binding motifs and establish a cis-regulatory module of Esrrb, Kif4,
and Sox2binding sites encoded in these TEs.[57] Studies dissecting the cis-regulatory logic
and grammar of pluripotency TF binding sites in mouse ESCs identified cooperative
interactions between K/f4with Esrrb, and Sox2.16%1 We observed synergism between the
three TFs, such that the presence of all three motifs were required for the regulatory
potential of the TE (Figure 3B left panel). Alternatively, in an additive model, the loss of any
one binding motif would not eliminate the activity of the TE (Figure 3B right panel). The
synergy between the TF binding motifs demonstrate that TEs are also capable of ‘modular’
regulatory behaviour, where a TE integrates the effects of multiple TFs in a transcriptional
network. This is one example of the ‘gene-battery’ model.

5. Ancestral TEs contain binding sites for TFs and the potential to regulate

gene expression

Understanding the evolution of TEs and their associated regulatory sites is important to
understand the impact of TEs on the host genome. Although it is well-known that TEs have
widely contributed TF binding sites to the regulatory landscape of the genome, it is poorly
understood how TEs have evolved these regulatory sites and the associated regulatory
potential. Simply put, there are two models that could explain the presence of TF binding
sites in TEs — one in which the TEs enter the genome with the regulatory site and spread
their regulatory sequence as it transposes, and one in which the TE gains the binding site, via
mutational processes.[59] The evolutionary model of TEs and their associated regulatory
sites could be a combination of these two models, or somewhere in the spectrum between
these two models.

In an approximation of the ancestral state of the TE, we and others have used the RepBase-
consensus sequence as a proxy.[58:61 Since it is not feasible to identify the true ancestral
state of the TE from many millions of years ago, for now we will have to resolve to using /in
silico estimations of the ancestral state of the TE.[62] The RepBase-consensus sequence is
manually generated from existing genome sequences with identifiable repetitive sequences,
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this approximation assumes a specific state of the ancestral TE.[53] For a first-pass, this is a
reasonable assumption, but more stringent and rigorous reconstruction of the ancestral
sequence, or its most-likely states will be better for analysing the ancestral TE.

The approximated ancestral state of TEs are also capable of regulating gene expression in a
reporter gene assay setting. Using sequence information built from a consensus-like method,
motif analyses have revealed in a couple of cases that the “ancestral” TE also contained
binding motifs for the TFs that has binding motifs in the present-day genomic copies.
[49,58,61.64] To test the regulatory potential of ancestral sequences in vitro, gene synthesis
was combined with reporter-gene assays and revealed that the ‘ancestral’ TEs are also
capable of regulating gene expression /n vivo. This suggests that the observed regulatory
potential in present-day copies of the TE likely originates from the ‘ancestral’ TE’s
regulatory potential (Figure 4A). Comparing the regulatory potential of a few present day
genomic copies with their corresponding ‘ancestral’ sequence showed that majority of the
genomic copies had lower regulatory potential (labelled “Lost regulatory activity” in Figure
4A). In this first comparison of its type, there were only four TE subfamilies and ten
genomic copies that were that were analysed, and a more comprehensive analysis will
provide a better understanding of the evolution of the regulatory potential in TEs. The
comparison between present-day genomic copies of the TE, and their ancestral states need
not only be made at the regulatory potential level alone, but also at the sequence-level. TEs
can have various levels of sequence identity, although their corresponding regulatory
potential varies (Figure 4B). When the regulatory activity is similar between the ancestral
and genomic copies of the TE, it is most likely that sequence changes in the TE sequence is
mostly altering non-essential regulatory sequences (labelled “Preserved function” and
“Conserved function” in Figure 4B), while alternatively varied regulatory activity could be
due to sequence changes affecting both regulatory and non-regulatory sequence in the TE
(labelled “Neutrally evolving” and “Decayed function” in Figure 4B).

6. Impacting phenotypes - gene expression and biological processes

The first known phenotypic impact attributed to TEs was in altering the colour of the maize
kernel, as discovered by Barbara McClintock.[®:7] This phenotypic impact is attributed to the
mobility of TEs in the genome. Today, most eukaryotic TEs are immobile remnants of
previous TE insertions, and are possible sources of regulatory innovation. Non-coding
genetic (cis-regulatory) elements are difficult to ascribe a phenotypic role to, owing to the
current difficulty in associating these regulatory elements to a target gene, and a cellular or
organismal phenotype. This issue is only exacerbated in the cases of TEs, which are only
now beginning to be analysed in genome-wide assays. However, the potential of TEs to
impact phenotypes is exciting since TEs are capable of evolving ‘gene-batteries’ and
expanding TF binding sites, and thereby altering gene expression in the genome.

Genome-editing tools such as CRISPR-Cas9 enable the testing of hypothesis by biological
validation of the effect that the editing (i.e., deletion or mutation) of a candidate TE has on
gene expression, and potentially cellular phenotypes. Recently, a significant functional role
has been attributed to TEs in immune-related processes.[81] The MER-subfamily (MER41)
of ERVs in mammalian genomes contain binding sites for STAT1, which is induced by

Bioessays. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sundaram and Wang

Page 8

interferon to regulate their target genes. CRISPR-Cas9-mediated deletion of these MER41
elements significantly reduced the expression of their target genes.

TEs differ in their frequency and form in different species, and therefore could have diverse
evolutionary impact in various organisms (Figure 5A). We identified a mouse-specific LTRs
encoding modules of pluripotency TF binding sites that was associated with a gene (akap12)
specifically expressed mouse embryonic stem cells (ESC), and not human ESCs or other
mouse cell types. Deletion of the TE using CRISPR-Cas9, demonstrated a significant
decrease in the expression level. Chuong et al., also observed different “MER41-like”
elements in different species, suggesting a species-specific impact of TEs on gene
expression patterns. More comprehensive comparative transcriptome analyses will be able to
better-define the role of TEs in gene expression differences between species, and eventually
understand the impact of these differences on phenotypic differences between the species.
Since 99% of TE-derived TF binding sites are species-specific, cross-species multi-omic
analyses would enable a better understanding of the species-specific phenotypic effects of
TEs.

TE co-option is central to their ability to impact phenotypes. Evidence suggests that ancient
mammalian TEs have been co-opted into a hormone-responsive transcriptional networks
associated with pregnancy in placental mammals. In 2010, Lynch et. al., characterised ESCs
from different species at various stages of evolution, and observed placental mammal-
specific expression patterns (upregulated and downregulated gene expression) that was
associated with endometrial expression patterns of genes near MER20 insertions.[64] More
recently, Lynch and colleagues analysed uterine tissues for genes showing endometrial
expression and identified that many cis-regulatory elements that regulate cell-fate processes
in preparation for pregnancy, are derived from ancient mammalian TEs.[*2] In other cases,
TEs have been found to require mutations before being adopted by the host for host
functions (i.e., epistatic capture).[65] Additionally, ERV sequences encoding envelope genes
have been co-opted and involved in placenta development.[56:671 Other than mammals there

is also evidence of TEs being co-opted and impacting gene regulatory networks in fruit fly.
[68]

TEs, especially ERVs are known to be involved in pluripotency and early development
(Figure 5B). Epigenetic modifications, including DNA methylation, is considered to be a
key regulator of TE-activity, especially during early mammalian development. However,
ERVs are among the initial genomic regions to be transcribed in mouse embryos, %91 when
TEs are assumed to be under strong epigenetic suppression. During pre-implantation
development, different classes of primate-specific ERVs are expressed, which is later ceased
during differentiation.[15.70.71] Additionally, ERV-derived long non-coding RNAs (IncRNA)
are involved in pluripotency in human ESCs.[72-74] More than two-thirds of INcRNAs in
mouse, human and zebrafish include exonic TE sequences, suggesting an extensive role for
TEs in cellular transcriptomes.[17] TEs are normally kept in check in differentiated tissues by
epigenetic mechanisms of suppression of TE activity,[32] however, tissue-specific epigenetic
derepression has been observed in TEs in some cell types (Figure 5B).[5¢]
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Other than in development, TEs have also a potential role in diseases; 65 known human
diseases have been attributed to de novo TE insertions.[”>:76] Epigenetic depression (global
reduction in DNA methylation) during aging and tumorigenesis is a conducive environment
for the activity of otherwise-silenced TEs, which can be as genomic instability (i.e., DNA
breaks and translocations) and transcriptional activity (LINE elements in various cancers).
[77] Along with TE activity in cancer, TEs have also been identified to encode transcripts
upon epigenetic inhibition by cancer treatments (i.e., DNA methyltransferase inhibitors and
histone deacetylase inhibitors).[13.78.791 Additionally, TEs need to be studied in other cases
of epigenetic derepression, including aging.

A lesser known function of TEs, is at the population-level, including in diseases (Figure 5C).
On the one-hand, actively transposing TEs could generate polymorphic TE-insertions within
the population. Although most TEs in humans are not actively transposing, it is still
unknown what effects and functions polymorphic TE insertions have within a population.
One of the most well-known examples, is in the case of haemophilia in humans.[6] On the
other hand, non-transposing TEs could also have inter-individual differences in terms of
their epigenetic status, TF binding, and therefore potential to impact transcription and
cellular processes. This aspect of TEs is still not well-characterised, and could open an
avenue for studying TEs at the population level.

7. Discussion

Barbara McClintock’s seminal work in maize first identified TEs in the 1940s. She referred
to TEs as ‘controlling elements’ - “normal components of the chromosome responsible for
controlling, differentially, the time and type of activity of individual genes”.[715] With
results from several studies, it is becoming more apparent that immobile TEs (as observed in
most genomes today) also have the ability to control the expression of genes in various
cellular contexts, and in different species. The cellular and organismal impact of TEs, and
their differences - in composition, abundance, and genomic distribution - remains to be
investigated. Britten and Davidson provided the first theoretical model for how TEs might
influence gene regulatory networks via the regulatory sequences that they encode, and their
mobility.

Gene regulation differences underlies gene expression variability in organisms.[8%1 Qver
many millions of years of evolution, there has been vast phenotypic diversity in observed in
organisms. Evidence of closely related organisms having large differences in their genome
size clearly obscures the association of genome size increase and proportional organismal
organisation in eukaryotes. It is now well-known that genome size and organism size do not
scale proportionally, and this is commonly referred to as the C-value paradox, or C-value
enigma.[39.81.82] viarious explanations have been provided for the increase in DNA-content
in various organisms, one of which is for diversifying gene regulation as opposed to
increasing the number of protein-coding genes.[34] Differences in regulatory relationships
and interactions between species could play a pivotal role in diversifying organismal
phenotypes. Although the exact contribution of gene expression changes to speciation and
adaptation is still being uncovered, it is widely-accepted that differences in gene expression
patterns underlie the evolution of morphological phenotypes and other complex traits in
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organisms.[83] Studies from closely related Drosophila species reveal that many cis-
regulatory changes, rather than widespread #rans-regulatory changes drive gene expression
differences.[80:84-87] The ability of TEs to ‘rewire’ gene regulatory networks systematically
(based on the ‘gene-battery’ model), and their differences between species make TEs a good
candidate for investigation to understand the evolution and divergence of species.

We have discussed in detail in this review the ability of TEs to encode transcriptional
enhancers. It might only be a coincidence that the first eukaryotic enhancers were discovered
in animal viruses. The enhancer in the SV40 virus (Simian vacuolating virus 40) was used
by the virus to harness the host’s transcriptional machinery, upon infection for its
replication.[88] The S\V40 enhancer demonstrates a key feature of enhancers in its synergism
of TF binding sites, which integrates various cellular signalling processes in the host cell to
increase the virus’ replication. Therefore, it is not surprising when TEs are also found having
the same potential and features to regulate gene expression.[®8.641 The same features of
enhancers where they can integrate various cellular signalling processes are also found in
TEs. The “‘gene-battery” model hypothesized a role for TEs in systematically integrating
signalling pathways.

Central to this advance in our understanding of TEs is the advent of newer technologies and
methods that can assay the genome.[8%] Initially, sequence-alignment pipelines would
commonly discard sequencing reads mapping to TEs (i.e., repetitive sequences, that reads
would map non-uniquely to), and therefore TEs were masked. Several alignment pipelines
were developed to harness reads mapping to multiple genomic locations by estimating the
most-likely mapping location on the genome.[99-92] However, with improved sequencing-
read lengths, and paired-end sequencing, more information (i.e., sequencing reads) on TEs
can be captured. Currently, most TE-studies analyse only uniquely-mapping sequencing
reads. Uniquely mapping sequencing reads in fact contain adequate information, as most
TEs have sufficient unique sequence to map reads to specific TEs without any ambiguity.
Vast effort has already been made by various public efforts to assay specific aspects of the
genome - transcripts (RNA-seq and CAGE-seq), protein-DNA interaction, chromatin/
epigenetic state, and chromatin organisation — and this provides the means for TEs to be
interrogated in numerous ways.[13.17,42-45,49,56,58,93]

The challenge lies in taking ahead computational findings and predictions of TEs (in the
context of the “‘gene-battery” model and otherwise) from multi-omic datasets to the cell.
CRISPR-Cas9 technologies are gaining wide popularity. In the future, targeted validation of
the ‘gene-battery’ model will be done by deleting elements of candidate TE subfamilies and
estimating the impact of these deletions on cellular phenotypes. With this ability, similar
analyses can be done between species. The impact of TEs in the differences of the wiring of
gene-regulatory networks between species will provide a better understanding of the role of
TEs in species divergence and evolution.

From 1969, the field has made vast progress in determining the role that TEs have in gene
expression regulation. From several studies, we have learnt that TEs have biochemical
activity in the cell and TEs are not always epigenetically repressed. Although TEs are
exogenous, they are distinctive in their inherent regulatory functions and the potential to be
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biochemically active, and this feature is utilised by the cell to integrate and coordinate
various other biochemical processes in the cell. With evidence of the ‘gene-battery” model,
we can now probe systematic influences of TEs in the genome and gene regulatory
networks. The future lies in identifying the regulatory interactions that TEs have in different
cellular contexts (in normal development and disease), and its impact on organismal
phenotypes.

8. Conclusions and Outlook

With the advent and progress in sequencing technologies, it is relatively easier to analyse
repetitive sequences and transposable elements (TEs), also in the context of the ‘gene-
battery” model. Although we are still deciphering the various role of TEs in cellular biology,
we have indicative evidence of it providing the cell with regulatory sequence that is at the
disposal of the cell. These sequences could be utilised in gene expression regulation, gene
sequence, biochemical activity in the cell, chromatin state and chromatin organisation, in
both normal development and disease. It is fair to say that from most genome-wide studies, a
compendium of TEs role in various cellular contexts and developmental stages can be
generated to determine the extent to which TEs impact cellular processes.

The ‘gene-battery’ model provides the basis for understanding how TEs might be involved
in evolution — at the genetic and genomic level, and possibly the organismal level. Whereas
at the genetic level TEs can modulate gene-specific expression levels, at the genomic level
TEs can impact networks of genes (i.e., ‘gene-batteries’). In this model TE subfamilies
impact many genes in a synchronized manner, and identifying this could impact our
understanding of cellular processes. The potential avenues of exploration include TEs role in
transcription regulation (as we have extensively discussed here), but also in transcript
generation, chromatin state, and chromatin organisation. Single-cell analyses in the future,
could shed light on the role of TEs generating cell-to-cell variation in transcriptional output,
and cellular functions. Importantly, the ‘gene-battery’ model makes a compelling case to
study this in a genome-wide manner, and not only in a locus-specific manner.

Other than at the cellular level, it still remains to be understood what role TEs have in
organismal phenotypes. Since there are differences in TE composition between species, it is
likely that TEs are involved in facilitating organismal differences between species. TE
subfamilies not only differ in their presence in species, but also their genomic positions and
sequence composition. These differences will have varied effects on gene expression
regulation and could be connected with species’ evolution.

In conclusion, since the discovery of TEs, the field has moved far away from the notion of
TEs being ‘junk’ DNA. We now understand some of the roles that TEs have in biology, and
have a lot more to unravel. The future of big-data genomics holds a huge opportunity for
detailed deciphering of newer and varied biological roles of TEs, potentially impacting
cellular and organismal phenotypes. The ‘gene-battery’ model set the foundation for
understanding the impact of TEs on gene regulatory networks, and now with multi-omic,
genome-wide datasets we can effectively examine the model.
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A Britten-Davidson ‘gene-battery’ model
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Figure 1.
Cellular signalling pathways and gene expression regulation. A: In 1969, RJ Britten and EH

Davidson hypothesized a theoretical model consisting of five ‘genes’ — sensor (S), integrator
(1, activator (A) RNA, receptor (R), and producer (P). A ‘battery’ comprises of various P
and its regulators that are activated by a single S in response to a cellular cue. For example,
Battery 1 targets producer genes (P) ‘a’ and ‘b’, based on the signal provided by sensor gene
(S) “1’. The five gene-components work co-ordinately to activate various batteries of genes
involved in specific biological processes (refer to Table 1). The five ‘gene’ types are listed in
the figure key. The goal of these components is to effect gene expression upon stimulation
from certain environmental cues. Integration of cellular signals and regulatory sites can be
performed at the level of the Integrator (1), or Receptor (R). B: Cellular signalling networks
as found in eukaryotes. The complexity of this system enables effective transmission of
signals from the environment to the gene-level to deploy various gene expression programs
in the cell. Here, the binding of a receptor at the surface of the cell, triggers the activation of
a cascade of signalling proteins, which in turn activate various transcriptional regulatory
factors. The active transcriptional regulatory factors bind at specific genes and regulating the
gene’s expression, in response to the external stimulus.
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‘Junk’ DNA Model Coordinated expansion a TF
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Figure 2.
Model for understanding the evolution of TF binding sites in TEs. A: Setting the expectation

for how many TF binding sites exist in TEs. Looking at various TFs (each represented by a
dot in the panels), under the model of TEs being ‘junk’ DNA (upper panel), the expectation
is that all TEs will have no TF binding sites because TEs are non-functional sequences.
Alternatively, another common expectation is that TEs constitute almost half of the human
genome sequence, therefore by chance, 50% of all TF binding sites will occur in TEs (centre
panel; labelled “Random Expectation”). However, the observation is quite contrary to the
previous two models (bottom panel; labelled “TF-specific (observed)). We have observed
that the percentage of TF binding sites occurring in TEs ranges from 2% to 40% (average:
20%; red dotted-line in the panel) in both human and mouse cell types. It is noteworthy that
the percentage of TF binding sites in TEs positively correlates with the number of TF
binding sites in the genome. B: Co-ordinated expansion of TE subfamilies causing an
increase in the number of TE-derived TF binding sites in the genome (upper panel;), versus
TEs evolving TF binding sites by neutral evolution (lower panel). In the two models, a TE
(red rectangle) capable of transposing (*) is shown to distribute across the genome. A TE
with a TF binding sites (purple rectangle) will spread the TF binding site along with the TE
as it transposes (upper panel). Alternatively, a TE without a binding site could serve as raw
material for the evolution of new TF binding sites, based on mutations acquired (lower
panel). C: Schematic representation of the enrichment scores of TEs belonging to a
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subfamily that enriches for a TF’s binding site (ChlP-seq peaks of sequence motifs), or TEsS
belonging to a subfamily that does not enrich for TF binding sites.
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Transposable elements mediated evolution of cis-regulatory modules. A: Gene regulatory
networks are intricately coordinated processes that involve the participation of various
regulatory transcription proteins and factors (TFs; filled circles) that collectively act upon a
set of genes (arrows labelled a—f). Multiple regulatory factors regulate the expression of
individual genes by binding at specific sequence motifs in the vicinity of the gene.
Transposable elements (TES) carrying a module of TF binding sites offer a unique
evolutionary mechanism to rewire the existing networks by incorporating new genes under
the regulatory control of the factors. Additionally, TEs could also be used at sites with an
existing module of binding sites by repurposing it, provided it does not negatively impact the
gene and its function. B: Demonstrating the synergism among TF binding sites in a module,
compared to an additive model. In the additive model, the effect of the various TF binding
sites on gene expression is the sum of its effects. Whereas in the synergistic model, the effect
of the various TF binding sites on gene expression is greater than the sum of its individual
effects. Here, we display a schematic of reporter gene expression (to measure the effect of an
enhancer on gene expression; y-axis) where a TE (red rectangle) contains binding sites for 3
TFs (numbered 1-3; represented by purple rectangles). The effect of mutations on TF
binding motifs that disrupt the motif (labelled ‘mut’; depicted by absent purple rectangles)
are shown in comparison to the wild-type sequence (labelled “WT?’; positive control); and
WT sequence that has naturally (over evolutionary time) lost the TF binding sites (negative
control).
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Figure 4.
Evolution of gene regulatory activity of TEs, compared to the “ancestral” TE. A: Comparing

the normalised regulatory activity (as measured by reporter assays) of the ancestral state (y-
axis) and the present-day genomic copy (x-axis) of the TE. Data-points falling on the
diagonal represent genomic copies of the TE that have the same regulatory activity as their
ancestral state, which likely has most of the sequence also conserved (green dots; panel
labelled “Conserved regulatory activity”). Data-points that fall above the diagonal represent
TE copies that have lost the ancestral regulatory activity, possibly by corresponding loss of
regulatory sequences in the TE (orange dots; panel labelled “Lost regulatory activity”).
Lastly, data-points falling below the diagonal represent TE copies that have gained
regulatory activity, possibly be acquiring sequence mutations that enhance a nascent TF
binding site and thereby provide the TE with increased regulatory activity. B: Understanding
the evolution of the TE at a sequence- and regulatory-activity levels. Comparison of the
sequence identity (%; x-axis) and ratio of regulatory activities (y-axis) between present-day
genomic copies of the TE and the ancestral TE. We categorised the data based on the four
guadrants and indicate the biological implication of data-points falling in each quadrant. The
legend on the side depicts the sequence degeneration between the ancestral and genomic
copies of the TE (filled boxes representing least/no degeneration, and patterned boxes
representing degenerating sequence).
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Figure 5.
Elucidating the effect of TEs on phenotypes, considering (A) evolution, (B) cell-types and

cell-fate decisions, and (C) at the population-level. A: TEs (represented by coloured
rectangles) are largely present in eukaryotic genomes, but vary in their specificity. On the
one hand, some TE insertions are conserved across evolution in terms of their presence in a
species, and their orthology in the genome sequence (labelled “Conserved” in the figure).
On the other hand, there are other TE instances that are species-specific, in terms of the
presence of a subfamily in a species (orange rectangle), and insertions (yellow rectangles in
human and mouse, and blue rectangles in mouse and rat). There are also lineage-specific
TEs, for example whose subfamily was active in primate (green rectangles) and rodents
(purple rectangles). B: Cell/tissue-type specificity in TE’s biochemical activity. Different
cell types have the same genome, but have differences in the activity of TFs (coloured
circles). Here, we depict the differences in TF binding on TEs in different cell types. C:
Lastly, a less explored area of TE-biology is the differences in TE biochemical activity and
effects on gene expression regulation in normal populations (upper panel), and patients with
diseases (lower control).
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