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The human genome gives rise to different epigenomic landscapes that define each cell type and can be dereg-
ulated in disease. Recent efforts by ENCODE, the NIH Roadmap and the International Human Epigenome Con-
sortium (IHEC) have made significant advances towards assembling reference epigenomic maps of various
tissues. Notably, these projects have found that approximately 80% of human DNA was biochemically active in
at least one epigenomic assay while only approximately 10% of the sequence displayed signs of purifying selec-
tion. Given that transposable elements (TEs) make up at least 50% of the human genome and can be actively
transcribed or act as regulatory elements either for their own purposes or be co-opted for the benefit of their
host; we are interested in exploring their overall contribution to the “functional” genome. Traditional methods
used to identify functional DNA have relied on comparative genomics, conservation analysis and low throughput
validation assays. To discover co-opted TEs, and distinguish them from noisy genomic elements, we argue that
comparative epigenomic methods will also be important.
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Most of the genome is biochemically active
in at least one cell type

The human genome has been available for over

15 years (Lander et al. 2001) but most of its sequence

remains vastly uncharacterized in terms of the functions

it encodes. An estimated 1–2% of human DNA is protein

coding but non-coding RNAs, alternative spliced sites

and regulatory elements have also been shown to have

important functions (Kung et al., 2013). Recent efforts

have been made to try to understand the role of non-
coding DNA by examining the epigenomic states of the

genome in various cell types. This includes a number of

large-scale projects whose goal is the systematic map-

ping of regions of transcription, transcription factor bind-

ing sites, histone modifications and chromatin structure.

The first of these large-scale mapping efforts was

the ENCODE project, which initially generated a cata-

logue of 1640 next generation sequencing data sets in
147 cell lines using various epigenomic mapping tech-

nologies (ENCODE Project Consortium, 2012). These

include transcriptional assays using RNA-sequencing

(RNA-seq), transcription factor binding and histone

mark assays using Chromatin-Immunoprecipitation

(ChIP)-seq, Bisulfite-seq to characterize DNA methyla-
tion, and DNAase-seq to identify regions of open chro-

matin. A major observation of ENCODE was that

80.4% of the genome was participating in at least one

of the biochemical RNA or chromatin-associated event

described above in at least one cell type. Actually, up

to 99% of the genome was found to be within 1.7 kb

of such biochemical events. Moreover, approximately

half of the approximately 25 000 protein coding genes
were measured to be expressed in a given cell type

(ENCODE Project Consortium, 2012). Each cell type

was also found to be regulated by a subset of perhaps

20 000–40 000 enhancers.

Similarly, the NIH Roadmap project sought to sys-

tematically characterize the epigenomic state of human

primary cells (Kundaje et al. 2015). Part of the consor-

tium mapped genome wide chromatin interactions in
four human embryonic stem (ES)-cell derived lineages

and found specific chromatin structure reorganization

during ES-cell differentiation. These results highlighted

that enhancer elements play an important role in shap-

ing high order chromatin structure re-organization dur-

ing differentiation (Dixon et al. 2015). In another project

of the consortium, examining epigenetic states in dif-

ferent types of cancer, it was shown that chromatin
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accessibility and modification explain 86% of the vari-
ance in mutation rates among tumor genomes (Polak

et al. 2015). That particular study suggested the local

somatic mutation density to be directly linked to the

epigenetic landscape. Additionally, in an analysis of 21

autoimmune diseases, approximately 90% of causal

genetic variants were found to be in non-coding

regions and approximately 60% mapped to immune

cell specific enhancer regions as defined by epige-
nomic data, most of which gain histone acetylation

marks and transcribe enhancer associated RNAs upon

activation (Farh et al. 2015).

Finally, the International Human Epigenome Consor-

tium (IHEC), has an objective to continue the efforts

started with ENCODE and the NIH Roadmap and to

produce human reference epigenomic maps in at least

1000 tissues (Bujold et al. 2016; Stunnenberg et al.

2016). In early studies from this consortium focusing

on immune and neural cells, the majority of the gen-

ome was again found to be associated with at least

one biochemical event (Schmitt et al. 2016). Projects

such as these aim at building human reference epige-

nomic maps that can be used for comparison against

diseased epigenomic landscapes.

How much of the genome is functional?

With over 80% of the human genome participating in

detectable epigenomic events but <2% annotated as

genes, it leads to the question of what fraction repre-

sents a biologically meaningful sequence? (see Fig. 1).

Actually, it has been suggested that much of the gen-

ome is non-functional (Doolittle & Sapienza 1980;
Orgel & Crick 1980). Here, it is important to acknowl-

edge that there is no agreement on what biologically

meaningful, or functional, actually means. It has also

been observed that species complexity does not cor-

relate with genome size (even within the same genus)

and that large organisms are not efficient at natural

selection and have a large amount of neutral evolving

DNA (Eddy 2012). This phenomenon is known as the
C-value paradox, and many critiques opposing the

synonymy of biochemical activity and functional activity

have used it as evidence to counter ENCODE’s loose

definition of functionality (Eddy 2012; Doolittle 2013). It

has also been argued that these functional regions as

defined by ENCODE should show more sensitivity to

deleterious mutations and that it is impossible to main-

tain biological function without evidence of selection
(Graur et al. 2013). On the other side of the argument,

it was suggested that our understanding of evolution

dynamics is incomplete and that most transcription is

non-random and is required for advanced organism

development. Differential regulation of genes and their

active splicing in cross-cell type comparisons were
suggested as evidence of function. One can also

argue that the C-value paradox is biased because

polyploidy accounts for larger than expected genome

sizes (Mattick & Dinger 2013). Taking all of this into

account, the question of what fraction of the

expressed non-coding elements or the ones acting as

enhancer, promoters or transcription factor binding

sites based on binding of specific histone marks or
TFs, are functionally important, remains open for

debate.

Stating that an element is functional ultimately relies

on evidence such as the phenotypic results of muta-

tion. Unfortunately, knockdown experiments, reporter

assays and transfections in cell lines are limited by

their modest throughput for validation. Loss of function

tests can also be buffered by functional redundancy or
can have no discernable phenotypic change (Kellis

et al. 2014). In contrast, a general approach for the

identification of functional regions in the genome uses

phylogenetic methods to detect DNA sequence con-

straint. For protein coding genes, one can use non-

synonymous sites, at which a newly arising mutation

will alter the protein amino acid (AA) sequence, and

synonymous sites, at which a newly arising mutation
will change the codon, but not the protein AA

sequence. If non-synonymous sites and synonymous

sites were functionally equivalent, one would expect

that the probability of a substitution at either class of

sites would be the same. However, if changes at non-

synonymous sites are considerably smaller than

changes at synonymous sites on average, it is a sign

of evolutionary constraint (Kimura 1991). This con-
straint is measured as the deficit in divergence at non-

synonymous sites relative to expected value given by

synonymous sites (Zhen & Andolfatto 2012). In the

case of non-coding DNA synonymous sites, intronic

DNA, or ancestral repeats are chosen as reference

sites. Rates here are more challenging to estimate

given the rapid evolution of noncoding DNA vs. protein

coding DNA and the problems in selecting good unbi-
ased reference sites (Gaffney & Keightley 2006; Pollard

et al. 2006).

Using such comparative genomic approaches, a

number of studies have estimated the proportion of

the human genome that displays signs of purifying

selection. For instance, using multi species pairwise

alignments, this proportion was calculated to be

approximately 10–15% (Ponting & Hardison 2011).
More recently, also comparing genome sequences of

different species, a study identified genomic regions

that have evolved unexpectedly slowly (Rands et al.

2014). That study found that between 7.1 and 9.2% of

the genome showed evidence of natural selection, a
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signature suggesting functional sequences. Unsurpris-

ingly, these studies also revealed that the majority of

mammalian-conserved regions consist of non-coding

DNA (Waterston et al. 2002).

Another important method to identify functional

regions in the genome takes a population genetics

approach and examines the distribution of polymor-
phic frequencies of a selected class of sites against

putatively neutral sites. This is useful because purify-

ing selection tends to decrease the frequencies of

polymorphism at functional sites relative to neutral

sites (Sawyer et al. 1987). Examining such frequen-

cies has been used to prove negative selection on

amino acid variants in a multiple animal species

(Boyko et al. 2008). McDonald–Kreitman also pro-
posed a statistical test to detect and measure the

amount of adaptive evolution within a species by

way of determining if adaptive evolution has

occurred and the proportion of substitutions resulted

from positive selection. In this context, the variation

within a species is compared with divergence

between species (nucleotide substitutions) at neutral

and non-neutral sites. An excess of divergence rela-
tive to polymorphism at putatively selected sites is

consistent with recurrent adaptive substitution

(McDonald & Kreitman 1991). This test quantifies the

intensity of selection.

It is important to note that all of these global meth-

ods provide a lower bound for the proportion of the

genome that is functional since sequence constraint is

not always detectable in functional DNA and selection
cannot be measured instantaneously (see Fig. 1).

Indeed, ENCODE has identified many seemingly

functional elements that do not show signs of evolu-

tionary constraint (Birney et al. 2007). For instance, the

primate-specific genes DSCR9 and DSCR10 were

found to be in the Down Syndrome Critical region and

exhibit protein-coding expression, which appears to

regulate disease state, clearly a functional role in a

non-evolutionarily constrained element (Takamatsu
et al. 2002).

Are TEs in the human genome functional?

Transposable elements are DNA elements that have

the ability to move, copy and replicate throughout a

genome via copy and paste or cut and paste mecha-

nisms (Kidwell & Lisch 1997). Although very few ele-
ments in the human genome are still capable of

transposition, they have made copies of themselves

throughout the evolution of our species and now rep-

resent more than 50% of our DNA (Smit et al. 2013-

2015). Following their discovery, TEs were presented

as potential gene regulators (McClintock 1950; Britten

& Davidson 1971). Later on, it was also suggested that

these sequences could be simply parasitic, move due
to selfish activities, and harbor no intrinsic function for

their host (Comings 1973). Using the recent epige-

nomic maps, an interesting question is what fraction of

TE-derived sequences is biochemically active (see

Fig. 1). Moreover, what proportion has been co-opted

to new functions in the human genome? Can they

help explain the paradox between the approximately

80% biochemically active DNA versus the approxi-
mately 5–10% sequences that show evidence of puri-

fying selection?

Fig. 1. Three levels of support for DNA being functional: biochemical, evolutionary and genetic evidence are shown. The outer circle

represents all sequences in the human genome. The inner blue circles represent biochemical activity levels. The purple circle represents

known coding genes. The green circle represents evidence of genetic selection (such as phenotype generation post mutation). The red

circle represents mammalian conservation regions. The orange shape presents where transposable elements (TEs) interest each of these

regions. Adapted and modified from (Kellis et al. 2014).
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TE-derived sequences have intrinsic cis and trans
regulatory activity, which are sometimes co-opted.

There are many examples in the human genome of

TE-derived sequences that are functional to some level

(Mills et al. 2007; Bourque 2009; Schmidt et al. 2012).

Indeed, TEs have been found to have important regu-

latory roles, to overlap transcription factor binding

motifs, to modulate expression of nearby genes via

their promoters, and to give rise to non-coding of the
sequences that are unusually constrained (Feschotte

2008). In a study using 75 DNAase-seq datasets

obtained from various human cell types, it was

reported that 44.1% of measured DNAase hypersensi-

tivity sites overlapped TEs (Jacques et al. 2013). The

TEs located in open chromatin regions were also

found to be enriched in promoter or enhancer histone

marks. In a different study, it was found that TEs con-
tributed between 2 and 40% of binding sites depend-

ing on the transcription factor studied (Sundaram et al.

2014). Specific families and classes were enriched in

different binding motifs indicating that some families

have co-opted specific functions. The same study also

showed that TEs have been important in the evolution

between human and mouse, with only 1–2% of TE-

derived binding peaks shared between human and
mouse.

Notably, TEs also have the ability to rewire gene reg-

ulatory networks and to inflict change on a larger

scale. For instance, the HERV-H repeat was found to

be expressed as a long non-coding RNA that is

essential in developing human embryonic stem cell

identity (Lu et al. 2014; Wang et al. 2014). The long-

terminal repeat (LTR) portion of HERV-H was also
found to be enriched in OCT4 binding regions (an

essential pluripotency transcription factor). More

recently, it was shown that progesterone, a hormone

for differentiation of endometrial stromal cells to form

decidua, or the maternal component of the placenta,

relies on activation of transcripts linked by MER20 ele-

ments (Lynch et al. 2011). These MER20 elements

have been co-opted as binding sites for progesterone
response molecules such as the components of the

cAMP-signaling pathway. Another study investigated

gene regulatory network evolution in various immune

cell lines in addition to primary macrophages by stimu-

lating via IFN-g and measuring STAT1 ChIP-seq peaks

(Chuong et al. 2016). This study showed that MER41B

was enriched in STAT1 binding post-stimulation in all

cell types studied. Finally, another study showed that
MER130 was highly enriched in active enhancer

regions of the mouse cerebral wall. It was then experi-

mentally validated that multiple MER130 instances

were co-opted as enhancer elements in the mouse

neocortex (Notwell et al. 2015).

Actually, the epigenomic state of TEs is often
repressed, either via DNA methylation or histone modi-

fications, to prevent potentially harmful de novo trans-

position events. In this context, the host genome has

been shown to recruit silencing mechanisms to TEs,

such as via the Piwi pathway in the germ line, and

silence TE-derived regions in the genome. For

instance, the X chromosome in many mammals,

including humans, is rich in LINE elements. LINE ele-
ments are particularly enriched in the X-chromosome

inactivation (XCI) center and are thought to be boost-

ers in spreading effective silencing (Lyon 2006). LINEs

are hypothesized to have an active role rather than a

bystander role in XCI, as they are depleted in regions

escaping X inactivation (Ross et al. 2005). A recent

study has also shown that short tandem repeats with

ancient homology to retro-transposons regulate XCI
(Cohen et al. 2007). This is an example where the

repression of TEs ends up having a more global

impact on the host genome.

Finally, some TEs are themselves under purifying

selection, such as the MER121 subfamily, which is

also over-represented near developmental genes

(Lowe et al. 2007). Other studies also pointed out that

genetic methods examining TE sequence divergence
rates can be useful in examining purifying selection in

TE-derived sequences (Kamal et al. 2006). All of this

suggests that TEs can have an impact on the regula-

tory landscape and that they have, in some cases,

been co-opted by the host genome. At this point, only

a small fraction of TEs have a demonstrated function

but given the exciting examples that have been

reported, it will be important to determine the propor-
tion of TEs that has acquired such roles (see Fig. 1).

Comparative epigenomics to identify
functional DNA

As mentioned above, genome-wide approaches used

to identify functional non-coding DNA typically rely on

evidence of sequence constraint (Meadows & Lind-
blad-Toh 2017). Such approaches study sequence

composition, organization and function, both within

and across species borders. Comparative epigenomic

approaches use the same concepts but instead of

examining sequence constraint between species, they

examine constraint of the biochemical activity (see

Fig. 2). If the epigenomic landscape is not conserved,

regions could change state from being repressed to
being a promoter or an enhancer, or vice-versa. Epige-

nomic marks are therefore useful in annotating loss

and gain of biochemical activity, and variation from the

neutral rates can be used to isolate putatively func-

tional DNA (Chuong et al. 2017). If this activity is
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conserved or highly divergent between species, a list
of candidate regions exhibiting these features could be

prioritized for further targeted experiments.

Recently, a few studies have sought to study the

evolution of the human regulatory landscape through

comparative epigenomic studies. For instance, using

human, mouse, and pig pluripotent stem cells, one

group looked at the genomic distributions of DNA

methylation, H2A.Z, H3K4me1/2/3, H3K9me3,
H3K27me3, H3K27ac, H3K36me3, transcribed RNAs,

and P300, TAF1, OCT4, and NANOG binding (Xiao

et al. 2012). That study reported that epigenomic con-

servation is strong in both rapidly evolving and slowly

evolving DNA sequences, but not in neutrally evolving

sequences. Evolutionary changes of the epigenome

and the transcriptome exhibited a linear correlation as

predicted by DNA methylation. Also found via ChIP-
seq was that NANOG’s in vivo binding sites were sur-

rounded by cell-type-specific epigenomic patterns.

The evolutionary changes of epigenetic mark intensi-

ties were predictive of binding intensity changes of

OCT4. In another study, it was found that gene

expression differences across primate species were

associated with epigenetic differences (Cain et al.

2011). That study used gene expression data and
H3K4me3 histone modification data in lymphoblastoid

cell lines from humans, chimpanzees, and rhesus

macaques. H3K4me3 was found to be consistently

enriched near annotated transcription start sites, and
highly expressed genes were more likely than lowly

expressed genes to have the histone modification near

their TSS.

A comparative epigenomic approach was also

applied to try to understand how tissue-specific epige-

netic patterns were conserved between human, rat,

and mouse (Zhou et al. 2017). Using whole methylome

sequencing data in blood, brain and sperm tissues it
was found that 11–37% of differentially methylated

regions (DMRs) were conserved in the cross-species

comparison. All categories of conserved DMRs were

found to be enriched in known genetically conserved

elements along with a significantly higher PhyloP score

than non-conserved DMRs. Conserved DMRs were

also found to be enriched in transcriptionally active his-

tone marks and associated with specific conserved
transcription factor binding motifs. These studies high-

light how epigenetic data can explain evolutionary

dynamics between species and that some regions are

epigenetically conserved even though they are not

genetically conserved (see Fig. 1).

Comparative epigenomics to identify co-
opted transposable elements

Many TE families represent relatively new DNA in the

human genome. Unfortunately, even if some of the

(a)

(b)

Fig. 2. (a) Comparative genomics ancestral genome reconstruction using phylogenetic tree (maximum parsimony method). (b) Ancestral

epigenome reconstruction using parsimony method and counting loss, change in state, and adding of epigenomic marks as mutations.
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newer TE insertions have been co-opted, they may
not have had enough longevity to develop signs of

sequence constraint. In this context, mapping the

epigenome and looking for constraint of biochemical

activity may provide some additional clues (Rivera &

Ren 2013). Indeed, the availability of epigenomic

data enables the development approaches to help

isolate functional non-coding DNA that lacks evi-

dence of genetic selection (Ludwig 2002). For TEs, it
is important to remember that they should rapidly be

decaying from an active, transposition-able, state to

an inactive state (Hellen & Brookfield 2013). Compar-

ative epigenomics allows the identification of old

families that have unusually high epigenomic activity,

which could be evidence of regulatory function or

co-option. Such methods have already been extre-

mely useful in finding TEs with important regulatory
functions and also non-coding TE-derived RNAs

(Kunarso et al. 2010; Lu et al. 2014; Chuong et al.

2016).

Notably, in an analysis of binding events for 26 pairs

of orthologous transcription factors across two compa-

rable human and mouse cell lines, only approximately

2% of more than 130 000 TE-derived peaks were

found to be conserved between the two species (Sun-
daram et al. 2014). This study also identified outliers of

old TE families that should have been repressed and

decayed in activity but are still located in accessible

regions. In Ramsay et al. (2017) a TE orthologue anno-

tation pipeline was proposed for cross-species com-

parisons of transcription. Using RNA-seq data from

three primate species in iPSC cell lines, TEs that were

conserved in expression as well as in sequence were
identified. In that study, many TE families exhibiting an

unusually high number of orthologous instances with

conserved expression were identified. TE families that

were found to be expressed over a long and sustained

evolutionary period of time could potentially be used

as evidence of functionality in humans.

There are three important points to remember at this

stage: (i) epigenomic activity frequently lacks evidence
of genetic selection, (ii) TEs often represent relatively

young DNA and (iii) many TEs are biochemically active.

Those three points together suggest that comparative

epigenomics can be a useful tool for functional DNA

annotation, in particular for TEs.

Discussion

For decades, we have been in trying to character-

ize the role, if any, of all the DNA elements of the

human genome. Evolutionary and genetic evidence

of function examine constraint that is global and

will not depend on the cell type being studied. This

type of evidence will therefore be ineffective to
identify cell type specific regulatory functions espe-

cially if they are relatively novel. Epigenomic data,

on the other hand, provides evidence that can be

used to identify the function of DNA elements in

the specific cell types that they are active in. Such

epigenomic maps, when available, enable the study

of regulatory or expressed elements in different

scenarios such as differentiation, development and
disease.

TEs show a remarkably different evolutionary profile

relative to the rest of the genome and so typical meth-

ods relying on sequence constraint to identity func-

tional elements frequently will not apply. Indeed,

genomic evidence of constraint does not appear

instantaneously, and many insertions will not have

been present long enough to acquire signatures of
natural selection. For TEs, an important clue that may

indicate regulatory function or co-option, is sustained

biochemical activity in regions that should have other-

wise been epigenetically silenced to prevent transposi-

tion. This supports the case of using cross-species

biochemical evidence to identify potentially functional

elements.

The use of comparative approaches to identify func-
tional DNA elements in the genome has been gaining

in popularity and we propose to apply and adapt these

approaches specifically for TEs. We believe that these

methods can be used to systematically examine the

impact of TEs, especially new elements, on gene regu-

lation and transcript innovation. The large faction of

the genome that is derived from TEs is too vast to

explore using only low-throughput functional assays. In
this context, genome-wide comparative epigenomic

maps can provide a tool for gaining evidence of func-

tion and prioritizing regions for further study.
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