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Abstract

Transposable element (TE)-derived sequences make up approximately half of most mammalian genomes, and many TEs
have been co-opted into gene regulatory elements. However, we lack a comprehensive tissue- and genome-wide under-
standing of how and when TEs gain regulatory activity in their hosts. We evaluated the prevalence of TE-derived DNA in
enhancers and promoters across hundreds of human and mouse cell lines and primary tissues. Promoters are signifi-
cantly depleted of TEs in all tissues compared with their overall prevalence in the genome (P < 0.001); enhancers are also
depleted of TEs, though not as strongly as promoters. The degree of enhancer depletion also varies across contexts (1.5—
3x), with reproductive and immune cells showing the highest levels of TE regulatory activity in humans. Overall, in spite
of the regulatory potential of many TE sequences, they are significantly less active in gene regulation than expected from
their prevalence. TE age is predictive of the likelihood of enhancer activity; TEs originating before the divergence of
amniotes are 9.2 times more likely to have enhancer activity than TEs that integrated in great apes. Context-specific
enhancers are more likely to be TE-derived than enhancers active in multiple tissues, and young TEs are more likely to
overlap context-specific enhancers than old TEs (86% vs. 47%). Once TEs obtain enhancer activity in the host, they have
similar functional dynamics to one another and non-TE-derived enhancers, likely driven by pleiotropic constraints.
However, a few TE families, most notably endogenous retroviruses, have greater regulatory potential. Our observations
suggest a model of regulatory co-option in which TE-derived sequences are initially repressed, after which a small fraction
obtains context-specific enhancer activity, with further gains subject to pleiotropic constraints.
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Introduction

Gene regulation is fundamental to life; it underlies the tem-
poral and spatial heterogeneity of gene expression required
for development and differentiation of complex organisms. In
addition to regulatory molecules, such as transcription factors
(TFs) and RNAs, gene regulation requires noncoding regula-
tory elements, such as promoters and enhancers, that interact
with regulatory molecules to control when and where genes
are expressed. Co-option of DNA sequence introduced during
invasions of transposable elements (TEs) can create new reg-
ulatory elements, including alternate gene promoters
(Faulkner et al. 2009; Emera et al. 2012; Kapusta et al. 2013),
enhancers (Huda et al. 2010, 2011; Jacques et al. 2013; Xie et al.
2013; del Rosario et al. 2014; Glinsky 2015; Lynch et al. 2015;
Notwell et al. 2015), and even insulators (Wang et al. 2015),
substantially faster than single mutations, and can influence
general chromatin accessibility as well (Gomez et al. 2016).
TEs commonly contribute to gene regulatory elements, with
up to 40% of genome-wide binding sites for some TFs located

in TE-derived regions (Sundaram et al. 2014) and 20% of
conserved noncoding elements TE-derived (Lowe et al.
2012). Co-option of the ready-made regulatory elements in
TEs may facilitate substantial shifts in gene regulation over
short timescales by simultaneously influencing the expression
of multiple genes in specific contexts (Rebollo et al. 2011).
Alterations to gene regulation underlie the evolution of
many physical traits (Averof and Patel 1997; Cohn and Tickle
1999), but often these changes must be restricted to partic-
ular tissues and cell types in order to maintain the integrity of
other tissues. Studies have examined the contribution of TEs
to enhancers defined through a variety of methods: via his-
tone marks (Huda et al. 2010, 2011; Lynch et al. 2015), DNA
methylation (Xie et al. 2013; Glinsky 2015), the binding of
proteins associated with enhancer activity (e.g, p300)
(Sundaram et al. 2014; Notwell et al. 2015), and sequence
conservation (Jacques et al. 2013; del Rosario et al. 2014).
Several of these studies reported enrichment of TEs in
tissue-specific enhancers; however, until recently, identifying
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enhancers across many tissues using any of these methods
has been both time- and cost-prohibitive, making the true
breadth of activity of a regulatory element difficult to deter-
mine. Thus, comprehensive examination of how TEs contrib-
ute to the specificity of gene regulation across tissues has not
been possible.

In order to quantify the role of TEs in regulatory elements
active across tissues and their evolutionary dynamics, we an-
alyzed TE contributions to promoters and enhancers defined
through cap analysis of gene expression (CAGE) across hun-
dreds of human and mouse cell lines and primary tissues from
the FANTOM5 consortium (Andersson et al. 2014). We
found that though many TEs have regulatory activity, both
enhancers and promoters are depleted of TEs compared with
the expectation from their genome-wide prevalence, with
promoters significantly more depleted than enhancers.
Thus, in spite of their regulatory potential, TEs are significantly
less active than expected if they were randomly distributed
across the genome. This is consistent with the strong pressure
on genomes to repress the activity of TEs due to their muta-
genic potential; however, many factors influence this result
including the specific sequences integrated and biases in ge-
nomic integration sites between families (Sultana et al. 2017).
Nevertheless, in the context of this overall depletion, the
evolutionary age of a TE correlates positively with its likeli-
hood of contributing to a regulatory element, and tissue-
specific enhancers are significantly more likely to be derived
from TEs than broadly active enhancers. Overall, with the
exception of endogenous retroviruses (ERVs), we observe
striking similarity in the likelihood of having regulatory func-
tion in the host across TE families. We also observe similar
patterns in the relationship of mouse TEs to promoter and
enhancer activity. Based on our results, we propose a model
of how sequences derived from diverse TE families obtain
regulatory functions in host tissues. TE-derived sequences
are initially repressed upon integration into host genomes,
after which a small fraction obtain context-specific enhancer
activity, and over time further gains in regulatory activity are
likely, but subject to pleiotropic constraints.

Results

Regulatory Regions Are Depleted of TEs

Detectable TE-derived sequences comprise ~485% of the
human genome (Smit 1999), so the expectation, even under
a null hypothesis of a random distribution across the genome
and no enrichment for regulatory function, is that a large
proportion of regulatory elements overlap these sequences.
We intersected all known TE-derived sequences in the human
genome with 32,748 enhancers and 46,964 protein-coding
gene promoters defined by CAGE across 112 human cell lines
and primary tissues. For simplicity, we will refer to these cell
lines and tissues as “contexts.” Overall, 45.4% of enhancers
overlapped a TE (fig. 1A). However, the fraction of enhancers
overlapping TEs varied considerably across cellular contexts.
For example, 24.9% of olfactory region enhancers overlapped
a TE while 45.8% of blood enhancers overlapped a TE, with a
median of 32.1% across all contexts (figz 1C and

supplementary fig. S1, Supplementary Material online).
Promoters were significantly less likely to overlap a TE than
enhancers; only 5.1% of promoters overlapped a TE (fig. 1A;
P = 0, one-sided binomial test).

To evaluate whether TE-derived sequences were more
likely to have regulatory activity than expected from their
prevalence in the genome, we compared the observed over-
laps between TEs and regulatory regions to the overlap be-
tween TEs and random sets of genomic regions matched to
the length and genomic distribution of the enhancers and
promoters (see Materials and Methods). We found signifi-
cantly less overlap between TEs and regulatory elements
than expected if they were distributed randomly across the
genome. Enhancers overlapped only 44% of the number of
TEs expected if they were randomly distributed (P < 0.00071,
randomization test; fig. 1A). Promoters were even more de-
pleted; they overlapped less than one-tenth of the expected
number of TEs (9.2%; P < 0.007; fig. 1B).

Performing these analyses on mouse promoters and
enhancers identified by the FANTOM5 consortium revealed
similar levels of depletion as in human. For mouse promoters,
4.6% overlapped a TE, compared with an expected overlap of
9.6% (P<0.007; supplementary fig. S2, Supplementary
Material online); 37.4% of mouse enhancers overlapped a
TE, whereas 63.4% was expected under a random distribution
(P < 0.001; supplementary fig. S2, Supplementary Material
online).

Furthermore, as expected from the overlap results, the
degree of depletion among regulatory elements varied widely
across tissues. Examining human enhancers on a context-by-
context basis revealed relative depletions between 0.34 times
for olfactory regions and 0.63 times for blood (fig. 1C and
supplementary fig. S1, Supplementary Material online). In
general, reproductive and immune contexts, such as blood,
testis, placenta, and spleen, were the least depleted of en-
hancer activity (figgz 1C and supplementary fig. S1,
Supplementary Material online).

Enhancer TEs Are Enriched for Ancient Origins

Recent studies in uterine and liver tissue have suggested that
enhancers often evolve from ancient TE sequences (Lynch
et al. 2015; Villar et al. 2015). To explore the evolutionary
dynamics of the contribution of TEs to regulatory activity,
we integrated the age of each TE, as inferred from the pres-
ence of TEs across taxa, into our analyses of regulatory activity.
TEs present in the human genome have diverse evolutionary
origins. For example, 17% of human TEs date to the common
ancestors of Mammalia, 9% to Theria, 34% to Eutheria, and
31% to primates (fig. 2). TEs that overlap human enhancers
(“enhancer TEs”) have qualitatively similar origin patterns to
TEs overall (fig. 2B); however, enhancer TEs are significantly
older (average 128.7 vs. 111.7Ma; P <5E-324, Mann-
Whitney U test). Mouse enhancer TEs are also significantly
older than mouse TEs overall; the enhancer TE average age is
73.5 Ma versus the genomic TE average of 58.2 Ma (P < 5E-
324, Mann-Whitney U test; supplementary fig. S3,
Supplementary Material online). In humans, there is a partic-
ularly strong depletion for primate-originating TEs (odds ratio

2857


Deleted Text: to
Deleted Text: r
Deleted Text: a
Deleted Text: d
Deleted Text: t
Deleted Text: T
Deleted Text: ransposable e
Deleted Text: E
Deleted Text: lement
Deleted Text: approximately 
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: to
Deleted Text: while 
Deleted Text: ,
Deleted Text: a
Deleted Text: e
Deleted Text: a
Deleted Text: o
Deleted Text:  MYa
Deleted Text:  
Deleted Text: YA
Deleted Text:  
Deleted Text: YA
Deleted Text: vs
Deleted Text: .
Deleted Text:  
Deleted Text: YA

Simonti et al. - doi:10.1093/molbev/msx219

MBE

A % C

N W S
o o o

% Elements Overlapping a TE

o

Primary Tissue Contexts (% Overlap)

|
N
3
1
-
o
1
nd
3
[=}
o

log2 Fold Change

TSS Promoters
(N=46,964)

Enhancers
(N=32,748)
Regulatory Elements

blood (45.77%)

testis (41.89%)

placenta (40.91%)
spleen (37.73%)

lung (37.53%)

liver (36.87%)

lymph node (38.18%)
tonsil (37.34%)

small intestine (35.71%)
brain (34.28%)

pancreas (34.68%)

heart (34.27%)

large intestine (33.59%)
salivary gland (32.91%)
blood vessel (33.84%)
internal male genitalia (32.84%)
thymus (32.76%)

thyroid gland (32.64%)
umbilical cord (32.48%)
penis (32.91%)

adipose tissue (32.09%)
throat (31.79%)

meninx (31.60%)

urinary bladder (31.66%)
parotid gland (29.03%)
skin of body (31.10%)
spinal cord (30.25%)
esophagus (30.48%)
smooth muscle tissue (30.32%)
gallbladder (30.43%)
skeletal muscle tissue (29.05%)
submandibular gland (29.01%)
uterus (28.54%)

tongue (27.62%)

vagina (27.53%)

kidney (27.26%)

eye (27.09%)

female gonad (26.54%)
stomach (26.32%)
prostate gland (25.63%)
olfactory region (24.86%)

-2.0 .
log2 Fold Change

Fic. 1. Enhancers and promoters are depleted of TEs. (A) The proportion of enhancers and promoters proximal to protein-coding TSSs (“TSS
Promoters”) that overlap a TE. (B) The log,-fold difference in observed TE overlap compared with random expectation (median over 10,000
permuted sets). (C) The log,-fold difference from the expected TE overlap with enhancers active in primary tissue contexts. The percent of
enhancers from each context overlapping a TE is given in parentheses. Contexts are sorted by enrichment. See supplementary figure S1,

Supplementary Material online, for results on cell lines.

[OR] = 0.44, P < 5E-324, two-sided Fisher’s exact test) and
enrichment for Mammalia-originating TEs (OR =1.75,
P=1.97E-237) and ancient TEs (OR =223, P =226E-49).
Hereafter, we refer to TEs originating in the most recent com-
mon ancestor (MRCA) of amniotes or before as “ancient.”
Promoter TEs are also significantly older than TEs overall
(average 121.7 vs. 111.7 Ma; P=2.85E-12, Mann-Whitney
U test), but are younger than enhancer TEs (P = 1.5E-14).
These results suggest that TEs originating before the diver-
gence of mammals are overrepresented in both enhancers
and promoters. Several potential causes for this pattern will
be discussed in later sections.

To investigate the relationship between TE age and pat-
terns of enhancer activity across contexts, we tested for en-
richment of TEs originating on each lineage among enhancers
active in each context. Given the overall depletion of TEs, we
investigated whether the proportion of TEs originating on a
given lineage was different from the proportion expected if TE
age had no effect (see Materials and Methods). We observed
significant enrichment for ancient TEs and depletion of young
TEs among enhancers from most tissues and cell lines (fig. 3
and supplementary fig. S4, Supplementary Material online).
Enhancers from 107 out of the 111 contexts were significantly
enriched for ancient TEs (fig. 3 and supplementary fig. S4,
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Supplementary Material online; g < 0.05, randomization tests
with FDR correction). Enhancers from 110 out of the total 112
contexts were similarly enriched for TEs originating in the
MRCA of all mammals (g < 0.05). Finally, enhancers from
91 of the 112 contexts were additionally enriched for TEs
originating in the MRCA of marsupials and placental mam-
mals (Theria; g < 0.05). Thus, TEs originating before the
MRCA of placental mammals (Eutheria) contribute a larger
number of enhancers than expected across most contexts.
There was also strong depletion for enhancer activity
among more recent TEs (fig. 3 and supplementary fig. S4,
Supplementary Material online). However, a few contexts
were enriched for younger TEs. Of the 34 contexts with suf-
ficient data to test, enhancers from 4 were significantly
enriched for TEs originating in the MRCA of Haplorrhini
(tarsiers, monkeys, and apes; g < 0.05). Enhancers from 3 of
the 111 contexts with sufficient data were enriched for TEs
originating in the MRCA of Simiiformes (monkeys and apes;
g < 0.05). Enhancers from 2 of 103 contexts with sufficient
data were enriched for TEs originating in the MRCA of
Catarrhini (Old World monkeys and apes; g < 0.05). Only
enhancers active in testis (out of 76 contexts with sufficient
data) were enriched for TEs originating in the stem lineage of
Hominoidea (MRCA of human and gibbons; g = 0.002). Thus,
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Fic. 2. Enhancer TEs are enriched for ancient origins. The phylogenetic tree indicates the ancestral branches to which TE origins were mapped.
Transposable elements integrated into the human genome at different times. The proportion of all known TEs originating in each lineage is
plotted. Regulatory TEs are significantly older than TEs overall; this is true for both enhancer TEs (average 128.7 vs. 111.7 Ma; P < 5E-324, Mann-
Whitney U test) and TSS promoter TEs (not plotted; average 121.7 vs. 111.7 Ma; P = 2.85E-12).

young TEs are not broadly enriched for enhancer function in
the contexts analyzed here.

Enhancers overlapping young TEs are enriched for different
TF binding motifs than ancient TEs. For example, ancient TEs
with enhancer activity are enriched for binding motifs for Jun,
Fos, REX family, and several other TFs, whereas enhancers
overlapping young TEs are enriched for NFY, SP, and KLF
family TF motifs (supplementary file 1, Supplementary
Material online). There was no difference in the age distribu-
tion of the TFs with motifs enriched among enhancers over-
lapping young versus ancient TEs (P = 0.37; Mann—Whitney
U test). These results suggest that TF motif analyses have the
potential to provide insights into differences in how TEs of
different ages influence gene regulation.

Diverse TE Families Exhibit Increases in Enhancer
Activity with Age

We next evaluated whether the trend of increased enhancer
overlap with increased age was universal across TE families.
RepeatMasker classifies TEs into classes, families, and subfa-
milies; for example, an element of the MIRc subfamily is of the
family MIR and class SINE. Using this classification, we calcu-
lated the proportion of members of each TE family that over-
lapped an enhancer active in any context. We observed
variation across families of similar age; however, the propor-
tion of enhancer TEs increased with the age of the family (fig.
4). Only 0.10% of the members of very young TE families

(originating in MRCA of Hominidae or later) overlapped
enhancers, whereas the ancient (originating in MRCA of
Amniota or earlier) TEs were 9 times more likely to be en-
hancer TEs on an average (0.92%). This pattern was also ob-
served for TEs overlapped by mouse enhancers
(supplementary fig. S5, Supplementary Material online).
This trend is likely the product of two forces: the increasing
opportunity for co-option the longer a TE-derived sequence
spends in the genome and the divergence of older nonfunc-
tional elements to the point that they can no longer be rec-
ognized as TE-derived sequences. Results for all families and
subfamilies are given in supplementary file 1, Supplementary
Material online.

Whereas the proportion of enhancer TEs increases with
age in most TE families, a few TE families were more likely to
have enhancer activity than expected based on their age.
Several ancient SINE and DNA families overlap TEs beyond
the expectation from other families of similar age, but the
most consistent group is the ERVs. ERVs consistently had a
higher fraction of enhancer overlap than expected in nearly
every lineage in which they were present (fig. 4). The ERVs are
divided into four main families: ERV1, ERVK, ERVL, and ERVL-
MaLR. The oldest extant ERVs appeared in the MRCA of
eutherians, and additional subfamilies have appeared on al-
most every subsequent lineage. When compared with other
TE families appearing on the same lineage, one of these four
families typically had the highest observed enhancer TE

2859


Deleted Text: -
Deleted Text: f
Deleted Text: e
Deleted Text: i
Deleted Text: e
Deleted Text: a
Deleted Text: a
Deleted Text: while
Deleted Text: nine 
Deleted Text: -
Deleted Text: endogenous retroviruses (
Deleted Text: )
Deleted Text: to

Simonti et al. - doi:10.1093/molbev/msx219

MBE

adipose tissue

blood

blood vessel

brain

esophagus

eye

female gonad
gallbladder

heart

internal male genitalia
kidney

large intestine

liver

lung

lymph node

meninx

olfactory region
pancreas

parotid gland

penis

placenta

prostate gland
salivary gland
skeletal muscle tissue
skin of body

small intestine
smooth muscle tissue
spinal cord

spleen

stomach
submandibular gland
testis

throat

thymus

thyroid gland

tongue

tonsil

umbilical cord
urinary bladder
uterus

vagina

N

log2(Relative
Enrichment)

0.57

0.45

0.73

0.5

0.68

0.53

0.35

0.33

0.64

0.37

0.46

0.3

0.23

0.55

-0.12

0.54

0.26

0.78

0.5

0.73

0.3

0.38

0.39

0.36

0.57

0.24

0.85

0.45

0.39

0.67

0.074

0.66

0.51

0.36

0.78

0.25

0.67

0.11

0.48

0.82

o

-0.51

-0.044

-0.36

-0.32

-0.38

-0.35

-0.28

-0.28

-0.27

-0.34

-0.34

-0.21

-0.18

-0.19

-0.29

-0.33

-0.33

-0.64

-0.21

-0.34

-0.32

-0.17

-0.49

-0.13

-0.24

-0.58

-0.35

-0.32

-0.38

-0.35

A N (\’b (\‘b .
O e\ e ) NS
‘(\‘\ \‘\0‘(\“\ ’\\(\ ?);\‘.(\ o(\\‘oQ
X\

-0.69

-0.69

-0.95

-0.18

0.82

-0.79

-0.39

-0.69

-0.56

-0.93

-0.61

-0.78

-0.69

-0.73

Lineage

0.45

-0.53

-0.22

0.19

-0.45

0.11

0.015

-0.42

0.66

0.56

-0.58

-0.38

-0.38

0.61

-0.76

0.17

@ 4P & O ge?
R 0(((\ 2 o
EANPR G VCEARE et

S/

-0.65

‘\6\6"’6

Fic. 3. Enhancers in most contexts are enriched for ancient TEs and depleted of young TEs. For each primary tissue context, older TEs are more
likely to have enhancer activity and younger TEs are less likely to have enhancer activity than expected from their genome-wide prevalence (based
on 10,000 permuted enhancer sets). The log, of the relative difference between observed and expected is given for each comparison. Gray indicates
context-lineage pairs with insufficient data. Lineages with fewer than ten contexts with sufficient enhancers were excluded from the figure.
Asterisks indicate significant enrichment after controlling the FDR to account for multiple testing (g < 0.05). Results for cell lines were similar

(supplementary fig. S4, Supplementary Material online).
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proportion. For example, members of the ERV1 family overlap
the largest proportion of enhancers in the stem lineages of
Catarrhini, Hominoidea, Homininae, and humans.

We also found that several different tissues are influ-
enced by young ERVs. For example, the testis is strongly
enriched for the Hominoidea-originating ERV1 subfami-
lies LTR12C and LTR12D (log,-fold enrichment > 2,
q <0.01; supplementary file 1, Supplementary Material
online). This enrichment is particularly pronounced due
to most of the enhancers overlapping these ERV1 sub-
families being testis-specific. Mast cells and monocytes
are enriched for the Simiiformes-originating ERV1 sub-
family LTR8B (log,-fold enrichment > 2, g < 0.01). In ad-
dition to these subfamily analyses, we pooled enhancers
active in any primary tissue together and enhancers ac-
tive in any cell line together into two sets. Enhancers
active in both of these sets showed enrichment for
HERVFH21 (log,-fold enrichment>3, ¢<0.01), a
Catarrhini-originating ERV1 subfamily. Interestingly, no
individual context showed enrichment for this subfamily,
suggesting that some ERVs contribute strongly to one
context, whereas others have a subtle, but consistent
influence across contexts.

We then examined whether differences in the length or
number of ERVs compared with other TE families could ex-
plain their increased overlap with enhancers compared with
other families. The ERVs were not substantially different from
other TE families appearing at the same time in either dimen-
sion (supplementary fig. S6, Supplementary Material online).
This suggests that differences in activity are likely due to

functionally relevant attributes of these TEs, such as their
sequence content, preferred insertion locations, or interac-
tions with the host defense machinery.

Context-Specific Enhancers Are Enriched for TEs
Compared with Enhancers Active in Multiple
Contexts

Previous studies have observed an abundance of TE-derived
sequence in tissue-specific enhancers (Wilson et al. 2008;
Huda et al. 2011; Xie et al. 2013; Notwell et al. 2015). We
tested the generality of this pattern across all the contexts
in our data set. First, we identified all human enhancers spe-
cific to each cell line or primary tissue (“context-specific”). We
then tested these for TE enrichment compared with all
enhancers active in the context. For 74% (70 out of 95) of
the cell lines and primary tissues with sufficient data, context-
specific enhancers were significantly enriched for TEs (fig. 5;
g < 0.01, FDR-corrected hypergeometric test). Of the 25 con-
texts that were not significantly enriched, the context-specific
enhancers of all but three overlapped more TEs than other
enhancers active in, but not specific to the context. These
results suggest broad overrepresentation of TEs among
context-specific enhancers.

Enhancers Overlapping Young TEs Are More Likely to
Be Context-Specific than Enhancers Overlapping Old
TEs

As old and young TEs differ in their likelihood of having en-
hancer activity (fig. 4), we examined whether the age of a TE is
also related to the number of contexts in which it was likely to
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Fic. 5. Context-specific enhancers are enriched for TEs compared with all active enhancers. (A) Histograms comparing the percent of all enhancers
and context-specific enhancers overlapping a TE for each of the 95 contexts (out of 112) containing at least 10 context-specific enhancers. (B) The
relative enrichment of context-specific enhancers for TE overlap compared with all enhancers active in each context. The violin plot represents all
values for all contexts. Points are plotted for the 70 contexts in which context-specific enhancers are significantly enriched for TEs (black; g < 0.01),

and the 25 contexts not significantly enriched (light gray).

have enhancer activity. Analyzing the breadth of activity of
TE-containing enhancers stratified by TE age, we found that
enhancers overlapping young TEs are more likely to be active
in a single context compared with enhancers overlapping
older elements (fig. 6A and supplementary fig. S7,
Supplementary Material online; P = 2.89E-10, Fisher’s exact
test). For example, nearly 90% of enhancers containing TEs
originating in Hominoidea are tissue-specific, whereas <50%
of the ancient TE enhancers are tissue-specific. In other words,
the likelihood that a TE-overlapping enhancer is context-
specific decreases with the age of the TE.

However, among enhancers active in more than one con-
text, enhancers overlapping ancient TEs are not active in sig-
nificantly more contexts than young TEs (fig. 6B and
supplementary fig. S7, Supplementary Material online;
P =096, Kruskal-Wallis test). The median activity of these
TE-containing enhancers is between two and four primary
tissue contexts, regardless of age. For each TE subfamily, we
also evaluated whether age associates with the breadth of
enhancer activity, defined as the size of the union of all con-
texts of activity across enhancers overlapping a TE from that
subfamily. The breadth of activity of pleiotropic enhancers
was also not age dependent (supplementary fig. S8,
Supplementary Material online). Thus, once a TE-
containing enhancer becomes active in more than one con-
text, TE age is not informative about its breadth of activity.

To determine whether these patterns were specific to TE-
derived enhancers, we assigned evolutionary origins to
enhancers lacking TEs using a recently developed dating strat-
egy based on the pattern of presence or absence of the se-
quence across species in genome-wide multiple sequence
alignments (Emera et al. 2016). We found that the trend of
decreasing specificity over time holds in enhancers that do
not overlap TEs, though these non-TE-derived enhancers ap-
pear to be less likely to be tissue-specific than TE-containing
enhancers of the same age. The enhancers that do not con-
tain TEs also exhibited similar median breadth of activity (~3
contexts; fig. 6B). These results suggest that once TE-derived
sequences obtain host enhancer activity, the patterns and
dynamics of their activity are similar to those of non-TE-
derived enhancers, and thus, that they are constrained by
similar pressures.
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Histone-Mark-Defined Enhancers Show Similar TE
Overlap Patterns as CAGE-Defined Enhancers

The CAGE-defined enhancers from the FANTOMS5 con-
sortium provided a high-resolution set of enhancers
across an extensive set of human and mouse cells and
tissues for our analyses. In order to test whether our
results were robust to differences in enhancer identifica-
tion methodology, we examined eight sets of putative
human enhancers defined via the presence of H3K27ac
marks from Roadmap Epigenomics: placenta, trophoblast
stem cells (TSCs), monocytes, B cells, natural killer (NK)
cells, temporal lobe, neuronal stem cells, and lung
(Bernstein et al. 2010; Kundaje et al. 2015), and two sets
from independent studies of liver (Villar et al. 2015) and
decidualized endometrial stromal cells (dESCs) (Lynch
et al. 2015). Most of the considered enhancer sets were
from immune or reproductive contexts, as these have
garnered a great deal of attention with respect to regula-
tory co-option of TEs, and these contexts showed some of
the highest TE regulatory activity in the FANTOMS5
enhancers.

Overall, a much larger proportion of histone-mark-defined
enhancers overlap TEs than CAGE-defined enhancers (me-
dian of 91% vs. 32.1% across contexts), but this is primarily
due to the much lower resolution of the histone-mark-
defined enhancers; they are ~8 times the length of the
CAGE-defined enhancers (median length of ~2.4kb vs.
~300 bp). When we extended the CAGE-defined enhancers
to the median histone-mark-defined enhancer length, a com-
parable percentage of these extended enhancers overlapped a
TE (median 91% vs. 87.4%; fig. 7A).

Despite the increased overlap of TEs, eight of the ten sets of
histone-mark-defined enhancers are significantly depleted for
TEs (P < 0.001, randomization test) compared with the
genome-wide expectation (fig. 7B). Unsurprisingly, given their
high enhancer overlap, the depletion is weaker than for tran-
scribed enhancers (minimum log,-fold difference of —0.067
vs. —1.67; supplementary fig. S1, Supplementary Material on-
line and fig. 7B). However, enhancers active in dESCs—a cell
line not present in the CAGE data—are enriched (P < 0.001,
randomization test) for TEs overall, and monocytes are
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Fic. 6. Tissue-specificity decreases with age for both TE and non-TE-containing enhancers, but breadth of activity does not significantly change. (A)
The proportion of enhancers that are specific to a single primary tissue context decreases with age. The dashed line represents enhancers that do
not overlap a TE. Lineages with fewer than 20 enhancers overlapping a TE were excluded. Non-TE-containing enhancers could only be assigned
ages on the Amniota, Mammalia, Theria, Eutheria, and Simiiformes lineages (see Materials and Methods). (B) The breadth of activity in primary
tissue contexts for TE-containing enhancers active in at least two contexts is not influenced by age (P = 0.96, Kruskal-Wallis test). Lineages with no
enhancers were excluded. The black dotted line indicates the median breadth of activity (three contexts) of non-TE-containing enhancers active in

primary tissue contexts. Outliers are not plotted.

neither enriched nor depleted (P=0.618, randomization
test). As we observed for the CAGE-defined enhancers,
each set of histone-mark-defined enhancers is enriched for
ancient TEs and depleted of young TEs (g < 0.05; supplemen-
tary fig. S9, Supplementary Material online). Together, these
results argue that TEs are consistently depleted of enhancer
activity and that ancient TEs originating before the MRCA of
eutherians are overrepresented in enhancers, regardless of the
enhancer identification methodology used.

Discussion

Regulatory Elements Are Depleted of TEs Compared
with Their Genomic Prevalence

In this paper, we demonstrate that, even though TEs play
important roles in remodeling regulatory networks and en-
abling functional innovation (Lynch et al. 2011, 2015; Chuong
2013; Chuong et al. 20163a; Trizzino et al. 2016), they are de-
pleted for regulatory activity compared with their prevalence
across the human and mouse genomes. This should not be
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Fic. 7. Histone-mark-defined enhancers overlap more TEs than CAGE-defined enhancers, but are still depleted of TEs. (A) The proportion of
enhancers overlapping a TE for histone-mark-defined enhancers and CAGE-defined enhancers that have been extended to the median length of
histone-defined enhancers (FANTOM enhancers extended from ~300bp to 2.4kb). A similar percentage of the histone-mark-defined and
extended CAGE-defined enhancers overlapped a TE (median 91% vs. 87.4%). (B) Eight of ten histone-mark-defined enhancer sets were significantly
depleted of TEs (P < 0.001, randomization test) compared with the genome-wide expectation (median of 1,000 permuted sets), and one set (from
dESCs) was enriched. However, the magnitude of the effects for these enhancer sets was much smaller than for the CAGE-defined enhancers (fig.
1B). The percent of each enhancer set overlapping a TE is given in parentheses.

surprising the integration of TEs often disrupts functional
elements with deleterious effects (Chuong et al. 2016b), which
leads to strong pressure against TE insertion in functional
regions and repression of their activity. In spite of the impor-
tant contributions of TE-derived sequences to regulatory net-
works, the vast majority of TE instances do not have consistent
regulatory activity in their host genomes. Furthermore, we find
that, with the exception of ERVs, the contribution of TEs of
different origins to regulatory elements is qualitatively similar
across biological contexts. This suggests that consistent forces
drive this process across TEs and contexts.

However, we note that the depletion of TEs for regulatory
function is contingent on the choice of null model used in the
tests. TEs vary with respect to their initial regulatory potential
and integration site preferences (Sultana et al. 2017), and
taking these factors into account could provide different
results. However, these attributes are not well characterized
for many TEs. We used a random null because we desired to
evaluate the entire process by which TEs gain host regulatory
activity—from  integration to  regulatory  function.
Furthermore, this approach is agnostic to differences between
tissues and cell lines, so it enables comparison between
contexts.

We focused our analyses on CAGE-defined enhancers and
promoters for two main reasons. First, they are defined for a
large number of tissues using consistent protocols and ana-
lytical pipelines. This enabled evaluation and comparison of
enhancer—TE relationships across diverse tissues. Second, they
have higher resolution than most putative enhancers defined
by the presence of enhancer-associated histone modifications
(e.g, via ChIP-seq for H3K27ac). Nevertheless, we also con-
firmed our main conclusions in complementary analyses of
histone-mark-defined enhancers (fig. 7).
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TE Age Has a Strong Effect on Enhancer Overlap
Across contexts and TE families analyzed, ancient TEs are
significantly more likely to overlap an enhancer than young
TEs. Previous studies have stressed the importance of ancient
TEs in gene regulation, but these have focused on the rela-
tionship between when regulatory TEs appeared in the ge-
nome and specific evolutionary innovations (Chuong et al.
2013; Lynch et al. 2015) or on TE contribution to deeply
conserved elements (Lindblad-Toh et al. 2011). Our compre-
hensive examination of the contribution of TEs across time-
scales and diverse tissues to enhancer activity demonstrates
this pattern is extremely general.

Several factors likely contribute to this pattern. First, op-
portunities to act as host regulatory elements are correlated
with the amount of time spent in the genome; older TEs have
had more opportunities to obtain host regulatory functions.
Second, TEs with regulatory function, even if it is weak or
episodic, are likely under stronger sequence constraint than
their nonregulatory family members. Over time, the increased
divergence of the sequence of nonfunctional TEs from the
original active sequence could make them more difficult to
identify as TE-derived, and thus increase the relative fraction
of detectable older TEs that are functional. To explore this
possibility, we compared the divergence from the consensus
sequence for enhancer and nonenhancer TEs from the same
subfamilies and found no significant difference (supplemen-
tary figs. S10 and S11, Supplementary Material online). More
focused analyses that account for TFBS and other functional
motifs could reveal more subtle differences between regula-
tory and nonregulatory TEs. For example, we find that
enhancers overlapping ancient TEs are enriched for different
TF motifs when compared with enhancers overlapping young
TEs (supplementary file 1, Supplementary Material online).


Deleted Text: a
Deleted Text: h
Deleted Text: s
Deleted Text: e
Deleted Text: e
Deleted Text: o
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -

Transposable Element Exaptation into Regulatory Regions - doi:10.1093/molbev/msx219

MBE

Also, it is worth noting that this is heavily contingent on the
accuracy of the consensus sequence, which is likely more
difficult to determine with very ancient TEs. Nevertheless,
lack of difference suggests that sequence divergence is not
a major driver of this pattern. Third, it is possible that the
regulatory potential of TEs has not been consistent over time.
For example, TEs that were active hundreds of millions of
years ago might have had greater regulatory potential or in-
tegrated into more permissive cellular contexts. However, we
would expect these effects to be somewhat family and/or
context-specific, so the fact that the increase in activity
with age holds generally across families and contexts argues
that time spent in the genome is likely the major driver of
increased TE regulatory activity with age. Finally, this effect
could also be influenced by the greater difficulty of accurately
aligning short reads to younger TE sequences given their sim-
ilarity. However, this is not a major driver of our results as
mappability is only weakly correlated with enrichment for
regulatory activity (Pearson’s correlation = 0.12, P = 2.9E-05;
supplementary fig. S12, Supplementary Material online), and
this correlation mainly comes from families lacking significant
enrichment for activity.

The Context-Specific Contribution of TEs

Our results establish that context-specific enhancers are
enriched for TEs across nearly all contexts (fig. 5)—a pattern
previously observed in a handful of tissues (Huda et al. 20171;
Xie et al. 2013). CAGE-based identification of eRNA has been
previously demonstrated to be a robust predictor of cell-
specific enhancer activity (Andersson et al. 2014), so these
context-specific enhancer patterns are unlikely to be due to
false positives. Furthermore, our results suggest that context-
specific enhancer activity may be connected to the age of
sequences that become enhancers, as well as TE origins.
Enhancers overlapping young TEs are more likely to be
context-specific than those overlapping ancient TEs. This
trend also holds for enhancers formed from young DNA
not derived from a TE. The increased contribution of TEs
to context-specific gene regulation could be driven by the
fact that most young DNA is derived from TE sequence
(Emera et al. 2016). Thus, if enhancers derived from young
DNA—regardless of TE content—are more likely to be
context-specific and most young DNA is comprised of TE-
derived sequence, TEs should make a strong contribution to
context-specific gene regulation. This theory is supported by a
recent study of primate liver enhancers, which showed that
species-specific liver enhancers were more likely to be
context-specific and to overlap recently integrated TEs
(Trizzino et al. 2016). Despite this strong contribution, the
lack of enrichment for young (i.e, more lineage-specific) TEs
in any of the contexts tested suggests that the exaptation of
young TEs into regulatory elements is relatively rare com-
pared with the number that have integrated into the genome.

The Contribution of TEs to Gene Regulatory Evolution
in Rapidly Evolving Tissues

Because co-option of TEs into enhancers or promoters has
the potential to change the expression of many genes at once

and thus accelerate regulatory evolution, TEs have garnered
particular attention in tissues that are rapidly evolving, such
as those involved in reproduction (Lynch et al. 2011, 2015;
Chuong 2013; Chuong et al. 2013) and the immune system
(Flajnik and Kasahara 2010; Chuong et al. 2016a). Our data set
includes multiple immunological cell lines, whole blood, pla-
centa, and several cell lines and primary tissue samples from
male and female reproductive organs. This allowed us to ex-
amine whether tissues undergoing rapid phenotypic changes
substantially differ from others, either in number or origins of
enhancers created by TEs.

Testis displays a unique regulatory TE signature, mostly
driven by tissue-specific enhancers created from young ERV
subfamilies, and both testis and placenta have very strong
enrichments for TEs among their context-specific enhancers
(9 < 0.01, FDR-controlled hypergeometric test). However,
other reproductive contexts do not show clear enrichment
for specific TE families or ages. Immunological contexts are
particularly enriched for mammalian-originating TEs, and sev-
eral of these are also enriched for young ERV subfamilies.
Additionally, enhancers specific to whole blood, which is
comprised of many immune cell types, are very strongly
enriched for TEs (q < 0.01, FDR-controlled hypergeometric
test). These results suggest that some rapidly evolving tissues
may be more likely to co-opt TEs into regulatory elements
than other tissues; however, these effects are not strong
enough to overcome the overall TE depletion in their regu-
latory regions. It is possible that similar effects were missed in
some rapidly evolving tissues due to the fact that the active
enhancer sets are not available at all relevant physiological
time points (e.g, different stages of pregnancy in female re-
productive tissues).

These analyses have shown ERVs to be particularly repre-
sented in enhancers. Several features of ERVs contribute to
their potential for obtaining regulatory function: they fre-
quently undergo partial deletion that removes the internal
genes required for retrotransposition, but leaves the long ter-
minal repeat ends intact (Thompson et al. 2016). These long
terminal repeats typically contain many TFBS, which enrich
ERVs for combinatorial TF binding as seen in ENCODE cell
lines (Teng et al. 2014) and placenta (Chuong et al. 2013).
Furthermore, ERVs often escape repression in hypo-
methylated tissues, such as embryonic stem cells, placenta,
and testis, which can result in transcription or enhancer ac-
tivity (Chuong et al. 2013; Pavlicev et al. 2015; Gerdes et al.
2016). For example, ERVs have been found to be involved in
fundamental organismal processes, such as the response to
interferon stimulation in multiple cell types (Chuong et al.
2016a). In our data set, we find ERVs to be enriched for en-
hancer activity in testis, but not placenta. Additionally, most
contexts have at least one enhancer that overlaps an ERV,
suggesting that ERV enhancer activity is not restricted
to rapidly evolving tissues (supplementary file 1,
Supplementary Material online). Our results suggest that
ERVs exhibit different dynamics of function acquisition com-
pared with other TEs across many contexts, rather than only
in a few particular tissues.
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Pleiotropic Constraints on Enhancer Function

We observe that once TE-derived sequences gain enhancer
activity—either through accrual of gain-of-function muta-
tions or escaping repression by the host—their breadth of
activity does not dramatically increase with age or show dif-
ferences from non-TE enhancers. The median activity of
shared TE-containing enhancers is similar to enhancers that
do not contain TEs: ~3 primary tissue contexts. This number
is remarkably consistent with the low degree of pleiotropy
among many functional genetic elements that has been in-
dependently estimated with multiple approaches (Wagner
et al. 2008; reviewed in Stearns 2010; Wagner and Zhang
2011). Thus, general evolutionary constraints likely contribute
to the observation that TE-containing enhancers do not com-
monly function in more than a few contexts or show sub-
stantial difference in their breadth of activity compared with
enhancers not overlapping TEs. As traits become exposed to
conflicting selective pressures, coupled variation may con-
strain adaptive response and divergence of traits.

Model and Conclusions

We find that human and mouse promoters are strikingly
depleted of TEs despite the regulatory potential of many
TE-derived sequences. Enhancers from both species show a
more modest depletion that is consistent across contexts.
However, this depletion is influenced by the time that a TE
invaded the genome. Age plays a large role in enhancer tissue-
specificity and the proportion of TE families that contribute
to enhancers, though some TE families, such as ERVs, appear
more primed for enhancer activity than others. Enhancers
overlapping sequence derived from TEs are not strikingly dif-
ferent from non-TE enhancers, particularly with respect to
breadth of activity and the connection between tissue-
specificity and age. This suggests that enhancers, regardless
of whether the underlying sequence originated from a TE, are
subject to similar constraints both when obtaining initial ac-
tivity, as well as pleiotropic constraints on the breadth of
activity.

Based on these observations, we propose the following
model of TE co-option into regulatory function. First, a TE
integrates into the genome, replicates for some time, and is
eventually repressed by the host genome. After mutations
have reduced its mutagenic potential and/or increased its
regulatory potential, a TE may be co-opted into an enhancer
or alternative promoter, though this is quite rare. This new
element is likely to be context-specific, but may gain activity
in additional contexts based on the regulatory potential of
the TE and as permitted by evolutionary constraints. The
likelihood of a TE being co-opted in this fashion increases
with its age in the genome, likely due to the increased op-
portunity for beneficial co-option with time. Our results and
model provide a framework for evaluating evolutionary hy-
potheses about the dynamics of TE co-option into regulatory
function. Future collection of comprehensive enhancer data
sets from diverse species and tissues will enable more precise
modeling of the evolutionary and functional dynamics of TE
sequences.
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Materials and Methods

Genomic Data

All analyses were carried out in the context of the GRCh37/
hg19 build of the human genome. Annotations in reference
to other builds of the human genome were mapped to hg19
using liftOver from the UCSC Kent tools with default param-
eters (http://hgdownload.cse.ucscedu/admin/jksrczip; last
accessed August 23, 2017). All comparisons between genomic
region sets were performed using the bedtools suite (Quinlan
and Hall 2010).

Transcribed Enhancers

The genomic locations (in hg19 coordinates) of transcribed
human enhancers defined by CAGE (Andersson et al. 2014)
were downloaded from the FANTOMS5 Phase 1 release
(http://enhancer.binfku.dk/presets/; last accessed August 23,
2017). These consisted of 71 “cell facets,” which were derived
from cell lines, and 41 “organ facets,” derived from primary
tissue samples. For simplicity, we refer to both as “contexts.”
The two sets were considered separately in most analyses, but
showed similar patterns. We also analyzed mouse enhancers
from the FANTOMS5 Phase 2 release. However, these were not
separated by “facet” of activity, limiting the analyses that we
could perform. When directly comparing human and mouse
enhancers, we used the human enhancers defined by
FANTOMS Phase 2.

Promoters

We downloaded all Phase 1 promoters identified by the
FANTOMS consortium (http://pressto.binfku.dk/about.php;
last accessed August 23, 2017); however, promoter activity
profiles across cell lines and primary tissues as defined for the
enhancers above were not available. We merged promoters
on the same strand that fell within 100 bp of one another.
This reduced the number of human promoters from 182,476
to 113,916. We took gene annotations from Ensembl Genes
82 and GENCODE v23. From the Ensembl set, we considered
all possible gene start, transcript start, and transcription start
sites (TSS). From GENCODE, we used all transcript starts. We
then filtered the promoters to those that were on the same
strand and were within 1kb of an annotated TSS. Results
using GENCODE TSSs were similar to Ensembl TSSs, so we
report only the Ensembl results here. Although we focus on
protein-coding promoters, we also analyzed all promoters
identified by CAGE due to the contribution of TEs to
IncRNAs demonstrated in a previous study (Kapusta et al.
2013). This larger set of promoters was also depleted of TEs
(18.2% overlap; P < 0.001). For the mouse FANTOMS5 Phase 2
analyses, mouse promoter data had been previously inter-
sected with Ensembl annotations. We considered all pro-
moters with any of the annotations: “TSSregion500, S,”
“TSS, S,” or “upstream1000, S.” We then merged those that
were within 100 bp of each other, regardless of annotation.

Transposable Elements
Transposable element genomic locations were retrieved from
RepeatMasker v4.0.5 (Smit et al. 2013-2015). The clades in
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which each TE is present were taken from Dfam v1.4
(Wheeler et al. 2013). In situations where Dfam provided
multiple clades, the most recent shared branch was desig-
nated as the origin. As there were few identifiable TEs with
origins before the last common ancestor of amniotes, we
collapsed all TEs originating in the last common ancestor of
Amniota or before into one category. For the FANTOM Phase
2 analyses, we used Dfam v2.0.

Histone-Mark-Defined Enhancers

Liver enhancers defined via genome-wide profiling of
H3K27ac and H3K4me3 histone marks were downloaded
from the supplementary material of Villar et al. (2015).
dESC histone marks were collected and processed as de-
scribed in Lynch et al. (2015). We defined the other eight
sets of enhancers based on histone modification data from
the Roadmap Epigenomics consortium for: monocytes, neu-
ronal progenitor, temporal lobe, trophoblast stem cell, B cell,
lung, natural killer cells, and placenta (Bernstein et al. 2010;
Kundaje et al. 2015). We downloaded gapped ChlIP-seq peaks
for both H3K27ac and H3K4me3 for all contexts. To exclude
potential promoters in our enhancer sets, we removed
H3K27ac peaks that overlapped H3K4me3 peaks. These
“H3K27ac-only” peaks comprised our enhancer sets.

Creation of Random Sets and Significance Testing
We used shuffleBed (Quinlan and Hall 2010) to shuffle en-
hancer and promoter regions around the genome. We con-
strained the shuffled regions to the chromosome of the
corresponding observed region and did not allow shuffled
regions overlap one another, gaps in the genome assembly,
or ENCODE blacklist regions (Bernstein et al. 2012). For the
transcribed enhancers, we created 10,000 sets of shuffled
regions. For the CAGE-defined promoters and histone-
defined and mouse enhancers, we created 1,000 sets of
shuffled regions for each set. We calculated the
permutation-based P value for each subfamily for all TEs by
calculating the number of permuted sets that overlapped
more or the same number of TEs in a set of interest, for
example, a subfamily. Tests were only performed if at least
ten enhancers overlapped a TE in the set of interest. Given the
overall depletion of TEs, we additionally compared the distri-
bution of the ages of TE-containing enhancers to the ran-
domized sets. These analyses compared the proportion of TEs
originating on a given lineage to the average proportion of
TEs originating on that lineage by the permuted sets. To
account for multiple testing here and in all other relevant
analyses, we controlled the FDR and report g values (Storey
and Tibshirani 2003; Bass et al. 2015) for all contexts within
subfamily, family, and lineage. Corrections were applied to
histone-mark-defined enhancer sets and transcribed en-
hancer contexts separately.

Context-Specific Enhancer TE Enrichment

For the analyses of context-specific enhancers, we identified
all enhancers active in a single cell line or primary tissue
context. We defined context-specific enhancers separately
for cell lines and primary tissues, since many of the cell lines

were originally collected from a primary tissue type examined.
For example, we would expect enhancers found in the neuron
(cell line, CL) context would likely be found in the brain
(primary tissue, PT) context and vice versa. We tested the
enrichment of TEs within context-specific enhancers with a
one-tailed hypergeometric test.

To compare the tendency toward context-specific activity
of young and old TEs, we collapsed TEs originating in
Catarrhini, Hominoidea, Hominidae, Homininae, and human
into the “young TE” category. We performed a two-sided
Fisher’s exact test comparing the number of ancient shared
(PT: 94, CL: 289), ancient specific (PT: 82, CL: 97), young shared
(PT: 43, CL: 124), and young specific (PT: 154, CL: 79). To
determine if there was a difference between the breadth of
activity of shared enhancers overlapping either ancient or
young TEs, we collapsed enhancers overlapping any of the
young TEs described earlier and performed a Kruskal-Wallis
test comparing the activity of these two groups of enhancers.
We performed this separately for enhancers active in primary
tissues and cell lines.

Dating the Origins of Non-TE-Derived Sequences
Following a recent approach (Emera et al. 2016), we assigned
ages to genomic regions based on the presence/absence of
homologous regions across species from the 46-way MultiZ
multiple sequence alignment from the UCSC genome browser.
Enhancers not containing a TE were required to overlap a
genomic segment with an assigned age by at least 10 bp. If
an enhancer overlapped multiple segments of different ages, it
was assigned the oldest age. For consistency with our Dfam
labels, we examined the species they used for aging and cate-
gorized their “primate” designation as “Simiiformes” and their
“ape” designation as “Hominidae.” We also collapsed their
older age designations into the single “Amniota or before.”

TE Sequence Divergence

RepeatMasker v4.0.5 (Smit et al. 2013-2015) quantifies the
sequence divergence of each TE instance from the consensus
TE model. Briefly, this is the percent of bases that diverge from
the consensus for each TE. We compared the average diver-
gence of all nonenhancer TE members to the average diver-
gence of enhancer-TE members over all TE subfamilies
(supplementary fig. S10, Supplementary Material online).
Only subfamilies that have at least one enhancer TE and
five nonenhancer TEs are plotted. We also calculated the
log, of the ratio of the divergence of each enhancer TE to
the average divergence of all TE subfamily instances that did
not overlap an enhancer. The ratio of divergence for all en-
hancer TEs is plotted in supplementary figure S11,
Supplementary Material online.

Alignability

We downloaded the alignablility of all 24-mers
(wgEncodeMapability track) across the hg19 build of the hu-
man genome (Derrien et al. 2012) from the UCSC genome
browser. We then used the bigWigAverageOverBed tool to
calculate the average alignability across all TEs in the human
genome as well as all human CAGE-defined enhancers
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examined in this study. We then correlated the minimum
enrichment (—log;o(P)) for each TE subfamily over all con-
texts with alignability (supplementary fig. S12, Supplementary
Material online).

Transcription Factor Motif Analysis

We identified occurrences of TF motifs from the JASPAR 2016
vertebrate database (Mathelier et al. 2016) in sequences of
interest using FIMO (Grant et al. 2011) with the default set-
tings. We only considered TF motif matches with a g val-
ue < 0.1. We then calculated the number of motifs belonging
to unique TFs for each enhancer. For enhancers overlapping
TEs originating in Amniota and in Catarrhini and younger
(see above), we calculated enrichment using a one-sided bi-
nomial test (supplementary file 1, Supplementary Material
online). After identifying TF motifs that were enriched in ei-
ther age set, we used ProteinHistorian (Capra et al. 2012) to
identify the ages of these TFs and compare the age distribu-
tions of those significantly enriched (P < 1E-03; one-sided bi-
nomial test) in either ancient or young TEs.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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