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Many transposable elements (TEs) contain transcription factor binding sites and are implicated as potential regulatory el-
ements. However, TEs are rarely functionally tested for regulatory activity, which in turn limits our understanding of how
TE regulatory activity has evolved. We systematically tested the human LTRI8A subfamily for regulatory activity using mas-
sively parallel reporter assay (MPRA) and found AP-l- and CEBP-related binding motifs as drivers of enhancer activity.
Functional analysis of evolutionarily reconstructed ancestral sequences revealed that LTRIBA elements have generally
lost regulatory activity over time through sequence changes, with the largest effects occurring owing to mutations in the
AP-1 and CEBP motifs. We observed that the two motifs are conserved at higher rates than expected based on neutral evo-
lution. Finally, we identified LTRIBA elements as potential enhancers in the human genome, primarily in epithelial cells.
Together, our results provide a model for the origin, evolution, and co-option of TE-derived regulatory elements.

[Supplemental material is available for this article.]

Changes in gene regulation have long been implicated as crucial
drivers in evolution (King and Wilson 1975). Since the discovery
of the SV40 enhancer element, enhancers have emerged as one of
the major classes of cis-regulatory sequences that can modulate
gene expression (Banerji et al. 1981; Moreau et al. 1981). Because
of several unique properties, enhancers have emerged as excellent
candidates upon which evolution can act. Enhancers are often ac-
tive depending on cellular context like cell type or response to stim-
uli. This modularity can minimize functional trade-offs and allows
selection to act more efficiently (Wray 2007). Furthermore, redun-
dant enhancers, or “shadow” enhancers, provide robustness in
gene regulatory networks and may allow for greater freedom to
develop new functions (Hong et al. 2008; Cannavo et al. 2016).

The development of massively parallel reporter assays
(MPRAS) has greatly accelerated our understanding of enhancers
by facilitating simultaneous testing of thousands of DNA sequenc-
es (Patwardhan et al. 2009, 2012; Kwasnieski et al. 2012; Melnikov
et al. 2012). MPRAs have been used to probe the enhancer poten-
tial of sequences underlying various epigenetic marks (Kwasnieski
etal. 2014), dissect enhancer logic through tiling and mutagenesis
(Melnikov et al. 2012; Ernst et al. 2016; Chaudhari and Cohen
2018), and decipher the effects of naturally occurring sequence
variants (Patwardhan et al. 2012; Vockley et al. 2015; Tewhey
et al. 2016; Ulirsch et al. 2016). Several studies have also used
MPRA to understand the evolution of fly and primate enhancers,
revealing widespread enhancer turnover (Arnold et al. 2014;
Klein et al. 2018).

Transposable elements (TEs) are repetitive DNA elements that
represent a rich source of genetic material for regulatory innova-
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tion (Feschotte 2008). In mammalian genomes, TEs have made
substantial contributions to the collection of transcription factor
binding sites (Wang et al. 2007; Bourque et al. 2008; Kunarso
etal. 2010; Schmidt et al. 2012; Sundaram et al. 2014). These bind-
ing sites are often enriched within certain TE subfamilies, groups
of similar TE sequences that are derived from a single ancestral or-
igin. Individual copies of TE subfamilies can then be co-opted into
gene regulatory networks such as in pregnancy and innate immu-
nity (Lynch etal. 2011; Chuong et al. 2016). Overall, TEs make up a
quarter of the regulatory epigenome in human (Pehrsson et al.
2019), and by some estimates, the majority of primate-specific reg-
ulatory sequences are derived from TEs (Jacques et al. 2013;
Trizzino et al. 2017). Despite these advances in the field, there re-
mains a gap in knowledge of how TEs obtain regulatory activity
and how this activity changes over the course of evolution.

As repetitive sequences, TEs offer a unique perspective into
the evolution of cis-regulatory elements. One intrinsic limitation
for evolutionary studies is that each enhancer has one ortholog
per species barring duplication or deletion, which constrains the
sample size for analysis. Within a TE subfamily, each TE is descend-
ed from a common ancestor, with each copy evolving mostly inde-
pendently. This provides a large sample size to draw upon within
even a single genome. To serve as a representative subfamily, we
selected LTR18A, which we previously identified to be enriched
for MAF BZIP transcription factor K (MAFK) transcription factor
binding peaks and motifs (Sundaram et al. 2014).

Here, we aim to investigate the evolution of regulatory poten-
tial in the LTR18A subfamily using MPRA. By using present-day
LTR18A sequences found across seven primate species, we compu-
tationally reconstruct ancestral sequences during LTR18A evolu-
tion across a span of roughly 75 million years. We apply tiling
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and motif-focused approaches to test reconstructed and present-
day LTR18A sequences for enhancer activity. Using natural se-
quence variations between LTR18A elements, we identify tran-
scription factor binding sites that drive LTR18A enhancer
activity, and validate them through mutagenesis. By annotating
enhancer activity for the root and intermediate ancestral LTR18A
elements in our reconstructed phylogenetic tree, we investigate
the origin of enhancer activity for the LTR18A family as well as
key mutations that have led to changes in activity over time.
Finally, we explore the influence of selection on LTR18A and the
possibility of co-option in the human epigenome.

Results

Reconstruction of the LTRIBA
phylogenetic tree

To reconstruct the evolutionary history
of the LTR18A subfamily, we first
identified high-confidence LTR18A ele-
ments in human and their orthologous
elements in six other primate species.
The LTR18A subfamily is found in the
Simiiformes taxa (Storer et al. 2021).
From the Simiiformes, we obtained
RepeatMasker annotations for human
(hg19), chimpanzee (panTro4), gorilla
(gorGor3), gibbon (nomLeu3), baboon
(papAnu2), rhesus macaque (rheMac3),
and marmoset (calJac3) genomes.
LTR18A elements between hgl9 and
GRCh38 differ by only 1 bp. Because of
the similarity of the LTR18A, LTR18B,
and LTR18C consensus sequences, we
performed manual curation of hgl9
LTR18A to select for LTR18A elements
that are confidently assigned to the sub-
family. Briefly, we filtered out LTR18A el-
ements that could be aligned to either the
LTR18B or LTR18C consensus, and we re-
moved LTR18A elements that might be
misannotated using paired LTRs (Supple-
mental Methods). Following these crite-
ria, 181 out of 198 LTR18A elements
annotated by RepeatMasker are retained
(Supplemental Tables S1, S3). Next, we
found primate orthologs for each hg19
LTR18A element by wusing synteny
(Kuhn et al. 2013). Each hg19 LTR18A el-
ement with its primate orthologs was
considered an ortholog set. We further se-
lected for LTR18A pairs that have ortho-
logs in chimpanzee, gorilla, and at least
two of the four other primates. In the
end, 46 (consisting of 23 pairs) LTR18A
ortholog sets were chosen for ancestral
reconstruction.

From our set of manually curated
human LTR18A elements and their
orthologs, we computationally recon-
structed the LTR18A phylogenetic tree
using a two-step process. Based on the

unique characteristic of TEs to multiply by transposition and the
presence of orthologous copies in different primate genomes, we
split our reconstruction of LTR18A evolution into two phases cor-
responding to transposition and speciation (Fig. 1A). For each of
the 46 sets of LTR18A orthologs, we aligned orthologs using MAFFT
and then reconstructed ortholog ancestor and intermediate se-
quences using PRANK (Katoh et al. 2002; Loytynoja 2014). Then,
using the ancestor sequences for the 46 LTR18A orthologs, we
aligned and reconstructed the LTR18A subfamily ancestor as well
as intermediates predating speciation (Methods). PRANK was cho-
sen for ancestral sequence and phylogenetic tree reconstruction
owing to its ability to model insertions and deletions. However,
PRANK tends to be biased toward insertions in our reconstruction.
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Figure 1. LTR18A ancestral reconstruction. (A) Model of LTR18A evolution split into transposition and
speciation phases. Computational reconstruction was performed for ortholog ancestors and transposi-
tion intermediates using PRANK. (B) Phylogenetic tree for reconstructed transposition intermediates
and ortholog ancestors at leaves. Ancestral node 43 (Anc43) is labeled in red, as well as the edges to
ortholog ancestors that contain the 27-bp insert. The subfamily ancestor at ancestral node 45 (Anc45)
is labeled by the purple dot. (C) Alignment of Repbase consensus (top), Anc45 (#45#, middle), and
Anc43 (#43#, bottom). Motifs in the sequences are boxed. DBP is shown to represent CEBP-related
motifs.
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Thus, we manually curated sequences following PRANK recon-
struction for both ortholog ancestors and subfamily ancestors (Sup-
plemental Methods).

Next, we evaluated our reconstructed LTR18A sequences to
see if they are consistent with those derived from other methods.
TE consensus sequences are often used as a representation of the
ancestral state of the subfamily. Excluding insertions and dele-
tions, our reconstructed LTR18A subfamily ancestor has an
~5.9% substitution rate relative to the LTR18A consensus se-
quence, which is lower than the 16.1% subfamily average. This
suggests that although we start from different elements and use
different methodologies, both our reconstruction and the
Repbase consensus are approaching each other. In addition to sub-
stitutions, our reconstructed ancestor also has ~8.0% insertions
compared with the consensus. The insertions appear to be caused
by the consensus dropping bases if the majority of elements do not
have the base in the alignment, as well as PRANK’s tendency to in-
clude insertions when alignable sequence is present in more than
one element. The MAFK motif enriched in LTR18A was present in
both our reconstructed subfamily ancestor and the Repbase con-
sensus. Overall, the topology of our reconstructed phylogenetic
tree resembles the tree generated from all hg19 LTR18A elements
(Supplemental Fig. S1). One feature of note occurs in node 43,
two nodes from the root of the tree (Fig. 1B). Relative to the sub-
family consensus sequence and our most ancestral reconstructed
sequence at node 45, node 43 has a 27-
bp insertion that contains a motif for
one of the CCAAT-enhancer binding

protein (CEBP)-related factors, D-box A
binding PAR bZIP transcription factor Human
(DBP) (Fig. 1C). When we examined (n=175)
ortholog ancestor reconstructions for Chimp
this insertion, three ortholog ancestors (n=187)
have an alignable 27-bp insert, and the Gorilla
insertion is present in all present-day pri- (”.=1 81)
mate orthologs (Supplemental Fig. S2). Gibbon
In hg19, 13/181 elements contain the in- (n=168)
sert. The insert-containing elements are Baboon
spread throughout most of the hgl9 (n=184)
LTR18A phylogenetic tree, which is con- Rhesus Macaque
sistent with a deep ancestral origin for (n=177)
. . Marmoset
the insert and occurrence in node 43 of _
our reconstruction. Additionally, we Ancestr;T;;chr:
found that the CEBP motif is in the (n=344)

LTR18A consensus and enriched in the
subfamily relative to genomic back-
ground (DBP log odds ratio 6.5). If the c
CEBP motif is functionally important,

the insertion of a second CEBP motif
could be an ancestral gain-of-function
mutation. In conclusion, our reconstruc-

tion is able to generate a subfamily ances-

tor similar to the Repbase consensus and
reveals evolutionary events that would
otherwise be missed.

LTR18A

Identification of important TFBS motifs
in LTRIBA enhancers

We designed our LTR18A MPRA library
to assay elements at two resolutions for
a total of 5664 tested LTR18A fragments

=

reporter

(Methods) (Fig. 2). In one half, we synthesized motif-focused re-
gions for 1225 LTR18A elements found across seven primate ge-
nomes, 280 ancestral reconstruction elements, and the Repbase
consensus (Fig. 2A). Specifically, we took the sequence of each el-
ement aligning to the first 160 bp of our reconstructed ancestral
node 43 (Methods). This allowed us to focus on the effects of se-
quence variation for both the MAFK motif and the CEBP motif.
In the other half of the library, we synthesized 160-bp tiles at 10-
bp intervals focused on testing all prespeciation ancestral recon-
struction elements, ortholog ancestors, and present-day hg19 ele-
ments from our reconstructed phylogenetic tree (Fig. 2B). We
cloned LTR18A motif-focused regions and tiles upstream of a
pGL4 vector with the hsp68 promoter and then transfected the li-
brary of MPRA plasmids into cell lines to study the episomal en-
hancer effects of the LTR18A sequences, as is typical in classic
reporter assays (Supplemental Methods; Fig. 2C).

Tounderstand cell type effects, we tested LTR18A for enhanc-
eractivity in HepG2 and K562 cell lines. We calculated enrichment
scores for each element by taking the log, of the RNA over DNA ra-
tio followed by normalization to the basal hsp68 promoter.
Normalizing to the basal promoter allowed us to have the same ref-
erence point between cell lines. Active elements were defined as
those with enrichment scores greater than one, representing ele-
ments that increase transcription by more than twofold. When
we compare the distribution of enrichment scores for HepG2
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Figure 2. Schematic of MPRA. (A) Sequence alignment of motif-focused regions to test primate and
ancestral reconstructed LTR18A elements. MAFK and DBP motif regions are boxed. (B) Tiling of ancestral
and hg19 genomic LTR18A elements in a reconstructed phylogenetic tree. All elements were tiled with
160-bp tiles at 10-bp intervals. (C) Plasmid construct and enrichment score calculation. Each LTR18A
fragment was integrated upstream of a minimal promoter (minP) and tagged with 10 unique barcodes
(BCs) during library synthesis. The MPRA library was transfected into HepG2 and K562 cells. Enrichment
scores are log; ratios of RNA/DNA normalized to basal.
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and K562, we find that LTR18A elements are generally more active mic LTR18A, 786 (123 from hg19) were active in HepG2 and 31

in HepG2 than K562, which is consistent with cell type-specific (four from hg19) were active in K562. Enrichment scores are posi-
activity commonly seen in enhancers (Fig. 3A). Out of 1506 mo- tively but poorly correlated between HepG2 and K562 despite high
tif-focused sequences tested, 1004 were classified as active in correlations between biological replicates (P< 2.2 x 107'°) (Fig. 3B;
HepG2, whereas only 52 were classified as active in K562. For geno- Supplemental Fig. S3), implying differential sequence features re-
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Figure 3. AP-1 motifs drive enhancer activity in HepG2 and K562, whereas CEBP motifs are HepG2 spe-
cific. (A) Distribution of enrichment scores of LTR18A motif-focused regions in HepG2 and K562. (B)
Correlation of enrichment scores between HepG2 and K562. (C) Overlap of motifs significantly associat-
ed with active LTRT18A. The top 10 transcription factor motifs in each cell line are displayed, with their
placement in the Venn diagram determined by if the motif was found to be significant in one or both
celllines. AP-1- and CEBP-related transcription factors are grouped. (D) TEWAS significant nucleotides as-
sociated with active LTRT8A. JUN and DBP motifs representing AP-1- and CEBP-related motifs are boxed.
Significant positions (P< 5 x 10>, above dotted line) within the two motifs that are associated with active
elements are highlighted. (E) DBP mutagenesis effects on enhancer activity. (F) JUN mutagenesis effects
on enhancer activity. P-values were derived from two-tailed Mann-Whitney U tests.

quired for enhancer activity between
cell lines.

To identify important sequence fea-
tures for enhancer activity, we took advan-
tage of the natural sequence variation
within LTR18A elements. Using AME
motif enrichment analysis (McLeay and
Bailey 2010), we asked if active elements
were enriched for motifs compared with
the rest of elements as background.
Overall, 34.5% (20/58) motifs were en-
riched in active elements in both HepG2
and K562 (Fig. 3C). Of the shared motifs,
activating protein 1 (AP-1)-related motifs
from the JUN, FOS, and activating tran-
scription factor/cyclic AMP-responsive el-
ement binding (ATF/CREB) families were
in the top 10 most enriched for both cell
lines. The top 10 most enriched motifs
that were cell line-specific include the
CEBP family motifs and BATF3 for
HepG2 and NRF1 in K562. As an ortholo-
gous method, we investigated if individu-
al nucleotide positions are associated with
enhancer activity. As this is analogous to
genome-wide association studies (GWAS)
but focused on sequence variation within
a TE subfamily, which we term TE-WAS,
we adapted the GWAS tool PLINK to find
significant nucleotides (Purcell et al.
2007; Chang et al. 2015). In HepG2, six
of 11 JUN (AP-1 family) motif bases and
eight of 11 DBP (CEBP family) motif bases
are significantly associated with increased
enhancer activity (Fig. 3D). In K562, after
we adjusted our cutoff for active elements
to be an enrichment score of at least 0.5 to
increase the number of active elements
from 52 to 239, four of 11 JUN motif bases
and zero of 11 DBP motif bases are signifi-
cantly associated with increased enhancer
activity. In summary, both motif enrich-
ment and TE-WAS approaches implicate
AP-1 motifs as important to both HepG2
and K562 LTRI8A enhancer activity,
whereas CEBP-related motifs are HepG2
specific.

To validate the importance of CEBP
and AP-1 motifs to enhancer activity, we
created targeted mutations in the motif
regions of LTR18A elements. We chose
DBP to represent the CEBP family and
JUN to represent the AP-1 family. We se-
lected pairs of LTR18A orthologs in
which one has the motif and the other
does not by FIMO motif scanning
(Grant et al. 2011). For elements with
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the motif, we mutated the motif bases to low information nucleo-
tides based on the PWM. For elements without the motif, we
changed the motif-aligned region to the consensus motif bases.
To quantify the effect of motif mutations on enhancer activity,
we took the log, ratio of each motif-mutated LTR18A sequence to
its native sequence (Fig. 3E,F). On average, DBP mutation gain
and loss lead to a 2.07-fold increase and 2.36-fold decrease in en-
hancer activity, respectively, in HepG2. In contrast, the same
DBP mutations have little effect in K562. JUN gain and loss lead
to 1.49-fold increase and 1.68-fold decrease in HepG2 enhancer
activity and 1.17-fold increase and 1.2-fold decrease in K562
enhancer activity. Both DBP and JUN
mutagenesis results are consistent with
our previous findings based on motif
association.

Evolution of LTRIBA enhancer activity
linked to sequence evolution

One of our primary goals was to under-
stand how enhancer activity of LTR18A
as a subfamily changed over time. To ad-
dress this question, we synthesized 160-
bp tiles at 10-bp intervals across each
LTR18A ancestral sequence, ortholog
ancestor, and hgl9 element used in re-
construction (Fig. 2B). After obtaining
enrichment scores, we estimated nucleo-
tide activity scores across each element to
infer their relative effects on enhancer ac-
tivity using the SHARPR software for
MPRA tiling designs (Ernst et al. 2016).
Because of overall low activity in K562,
we focus on HepG2 for evolutionary
analysis. When examining nucleotide
activity scores across the length of our re-
constructed LTR18A subfamily ancestor,
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the tree, where evolutionary intermediates show relatively high ac-
tivity followed by less active elements at the ortholog ancestor and
present-day elements. Indeed, the overall trend appears to be that
enhancer activity decreases over time, as shown by the decrease in
SHARPR sum with increasing divergence from the LTR18A sub-
family ancestor (Fig. 4B). On the other hand, there is an increase
in activity in the middle lineages, some of which persists to the
ortholog ancestors and present-day elements (Fig. 4D). Finally,
the enhancer activity of present-day hg19 LTR18A elements and
their corresponding ortholog ancestors is positively correlated
with mostly small differences in activity, implying that
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(Supplemental Fig. S6). Across LTR18A
elements of our reconstructed phyloge-
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1 motifs (Supplemental Table SS5). As
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ful sequences as our previous analyses,
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we took the sum of activity scores across
each LTR18A element and annotated
them in our tree (Fig. 4A). From a broad
perspective, we were able to make several
observations. First, the most divergent
(leftmost) lineage on the tree loses en-
hancer activity early, and enhancer activ-
ity throughout the lineage remains low
to the present day (Fig. 4C). This low ac-
tivity lineage contrasts with the rest of
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Evolution of regulatory activity in LTR18A in HepG2. (A) Phylogenetic tree of reconstructed
ancestral LTR18A annotated at each node/element with the sum of SHARPR nucleotide activity scores. (B)
Correlation of SHARPR sum and distance (substitution rate) from subfamily ancestor for each LTR18A in
the phylogenetic tree. (C) Example of regulatory activity evolution along the blue path in A. Motif chang-
es are labeled in red (D=DBP, ] =JUN). (D) Same as C, but for the orange path in A. (E) Distribution of
SHARPR sums for phylogenetic tree elements separated by DBP and JUN motif content. (F) Motif-asso-
ciated changes in SHARPR sum. Each motif change in the phylogenetic tree is shown with the before
and after motif change SHARPR sums connected by a line.
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postspeciation evolution has had small
effects on regulatory potential overall
(Supplemental Fig. S7).

To further investigate why enhanc-
er activity changes in our LTR18A tree,
we looked at differences in CEBP and
AP-1 motif presence using DBP and JUN
as representatives. When elements are
categorized by the number of DBP and
JUN motifs, the number of motifs is pos-
itively correlated with SHARPR sum (Fig.
4E). Furthermore, DBP or JUN loss corre-
lates with a decrease in SHARPR sum,
with rare motif gains generally corre-
sponding to increased SHARPR sums
(Fig. 4F). Because of the significance of
the DBP motif, we evaluated ancestral
node 43 as the sole evolutionary interme-
diate that gained a second motif through
an insertion event (Fig. 1B). The motif
gain leads to an increase in SHARPR
sum of ~39%, which is similar to the av-
erage effect size of the DBP motif (~38%).
This effect is validated by mutagenesis of
our LTR18A subfamily ancestor and con-
sensus to have the same 27-bp insertion
(34% and 32% increase, respectively), as
well as ablation of the second DBP motif
in ancestral node 43 (41% decrease). In
summary, sequence evolution, especially
at the CEBP and AP-1 motifs, directly af-
fects the ability of LTR18A to act as regu-
latory elements, and most mutations
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Figure 5. DBP and JUN motifs are more conserved than expected. (A) Motifs that are fully encom-
passed within shared, conserved 10-bp sliding windows across seven primate species. Motif locations
in red are relative to the LTR18A Repbase consensus sequence. (B) Distribution of expected neutral
DBP and JUN motif conservation rates from the consensus motif across primate species. One thousand
simulations are displayed for each species. The observed conservation rate is shown by the red point.
(C) Same as B, but for conservation rates from the hg19 ortholog as reference.

have led to a decrease in regulatory
potential.

Evidence of purifying selection for enhancer-associated CEBP
and AP-l motifs

Given that LTR18A has regulatory potential in certain cellular con-
texts like HepG2, we explored the possibility of host exaptation
through the lens of selection. We first asked if LTR18A elements
in chimpanzee, gorilla, gibbon, baboon, rhesus macaque, and mar-
moset have increased substitution rates compared with their hu-
man orthologs with respect to the distance between genomes.
On average, LTR18A orthologs have slightly elevated substitution
rates (12%-32%) than the corresponding genomes (Supplemental
Table S2). The increased substitution rate holds true even when
only considering masked regions of the genome. Although it is
possible that the genomic background rate includes regions under
selection, the LTR18A substitution rates across primate species are
overall inconsistent with purifying selection for the subfamily.
Furthermore, both phyloP and phastCons scores at LTR18A ele-
ments provide no evidence of selection at the subfamily level
across 30 mammals, including 27 primates (Supplemental Fig.
S8; Siepel et al. 2005; Pollard et al. 2010).

Although there is no evidence that LTR18A as a whole is un-
der purifying selection, it is possible that certain regions within
LTR18A are. We aligned LTR18A elements in each of our seven pri-
mate species to the LTR18A consensus and tested sliding 10-bp
windows for increased conservation compared with the average
window. Overall, 29% (707/2429) of all 10-bp windows are signifi-

cantly more conserved than the average window. The majority
(84%) of conserved 10-bp sliding windows are shared across all sev-
en primates for a total of 24.5% (85/347) possible 10-bp windows
covering 58% of the LTR18A consensus (208/357 bp) being classi-
fied as conserved. Shared, conserved regions defined by our sliding
window analysis contain transcription factor motifs, including AP-
1 and CEBP (Fig. 5A).

Because CEBP and AP-1 motifs are critical for enhancer activ-
ity, we hypothesized that the motifs provided by LTR18A have
been under purifying selection and, consequently, show higher
conservation than expected under a neutral model of evolution.
To obtain the background motif conservation rates, we adapted a
method previously used in yeast (Doniger et al. 2005). Briefly,
we take the sum of probabilities for all sequences that match a mo-
tif PWM, with each sequence probability calculated starting from
the LTR18A consensus and the observed transition and transver-
sion rate of the LTR18A subfamily. As in previous analyses, we
chose DBP and JUN to represent CEBP and AP-1. Expected conser-
vation rates for DBP and JUN are consistent across species, ranging
from 38.7% in marmoset to 44.8% in human for DBP and 34.1% in
marmoset to 39.3% in human for JUN (Table 1). Meanwhile, ob-
served DBP and JUN conservation rates are on average 69.3%
and 59.3%, respectively, which is 26.4% and 21.6% higher than
expected. This indicates that CEBP and AP-1 motifs from the an-
cestral LTR18A sequence are being retained and may be under se-
lection. Measuring conservation from the LTR18A consensus
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includes the transposition phase of TE evolution, which could se-
lect for CEBP and AP-1 motifs owing to enhancing transcription of
the ERV. To address conservation specifically during primate evo-
lution, we recalculated conservation rates by comparing human
LTR18A elements to their primate orthologs. Generally, DBP and
JUN motifs are significantly more conserved than expected
(Table 2). The one exception is JUN for the human-chimpanzee
comparison, which might be owing to low human-chimpanzee
divergence. We also confirmed higher motif conservation rates
during transposition + speciation and speciation phases using sim-
ulations based on observed transition and transversion rates (Fig.
5B,C). Together, our analysis suggests that CEBP and AP-1 motifs
contributed by LTR18A have been under purifying selection in pri-
mates both before and after speciation.

Human LTRI8A has epigenetic signatures of active regulatory
elements

Our MPRA reveals that LTR18A elements have the sequence fea-
tures to be activating regulatory elements depending on cellular
context. To explore the relationship between regulatory potential
from MPRA and enhancer function in the genome, we examined
epigenetic marks in HepG2 and K562 using ENCODE data (The
ENCODE Project Consortium et al. 2020). We first profiled
LTR18A elements overlapping ATAC peaks for open chromatin,
which is a common epigenetic feature for active regulatory ele-
ments. In HepG2, LTR18A is not enriched for ATAC peaks, with
only five LTR18A elements overlapping with peaks. On the other
hand, K562 has 11 overlapping LTR18A elements. This contrasts
with the high MPRA activity in HepG2 relative to K562.
Additionally, H3K27ac and H3K4mel, histone marks commonly
associated with active enhancers, are also low across LTR18A in
HepG2 and K562 (Supplemental Fig. S9). Altogether, the overall
lack of active epigenetic marks at LTR18A in HepG2 and K562 im-
plies that they are largely inactive as regulatory elements in the two
cell lines, despite many showing enhancer activities in reporter
gene assays. We hypothesized that epigenetic repression of
LTR18A may be the cause for the lack of active enhancer marks
in HepG2. Consistent with this hypothesis, repressive histone
mark H3K9me3 is enriched over LTR18A compared with the sur-
rounding genomic region, with the peak in signal possibly indicat-

ing that LTR18A is targeted for silencing (Supplemental Fig. S9).
These results suggest that although LTR18A elements possess the
sequence features necessary for enhancer activity, they can be epi-
genetically silenced.

Although most of the LTR18A subfamily is unlikely to be ac-
tive in HepG2 and K562, we sought to ascertain the contribution
of LTR18A to the regulatory genome across human cell types and
tissues. To get a global perspective, we overlapped LTR18A ele-
ments with candidate cis-regulatory elements (cCREs) as defined
by ENCODE Registry V2 across 839 cell/tissue types (The
ENCODE Project Consortium et al. 2020). Despite the limited
number of cell/tissue types (25) that have full classification of
cCREs, 69 of 198 (34.8%) LTR18A elements overlap with a
cCRE, most of which (87%) have enhancer-like signatures
(ELSs) in at least one cell/tissue type. This represents 29.3% of
all LTR18A bases, which is about 3.1x enriched over the genomic
background (P< 3.5 x 107!°, BEDTools Fisher). Among fully classi-
fied cell/tissue types, keratinocytes have the highest number of
LTR18A elements associated with ELS, followed by the PC-3
and PC-9 cell lines (Fig. 6A). LTR18A is not restricted to a single
cell/tissue type, as some LTR18A elements are associated with
cCREs in multiple cell/tissue types (Fig. 6B). Across all 839 cell/
tissue types, cell types with the most LTR18As overlapping
cCREs largely consist of epithelial cells, such as MCF10A, mam-
mary epithelial cells, esophagus epithelial cells, and foreskin ker-
atinocytes (Fig. 6C). To corroborate cCRE results that are based on
DNase I hypersensitivity, H3K27ac, H3K4me3, and CTCF ChIP-
seq, LTR18A elements were intersected with ENCODE ATAC-seq
peaks across 46 cell/tissue types. Similar to cCREs, LTR18A is es-
pecially enriched for ATAC peaks in the epithelial cells/tissues
foreskin keratinocytes and esophagus mucosa (11.4x and 16.1x
enrichment over background, respectively; BEDTools Fisher).
Although certainly not comprehensive, the available epigenetic
data support an active enhancer-like state for LTR18A with the
highest enrichment in epithelial cells.

As LTR18A enhancer potential is influenced by sequence
variation, especially at transcription factor binding sites, we
sought to understand whether transcription factor motifs are as-
sociated with active epigenetic states. Without considering cell/
tissue type, we found only the AP-1-related FOSL1 and FOSL2
transcription factor motifs to be significantly associated with

Table 1. DBP and JUN motif conservation from Repbase consensus (ancestral), neutral evolution expectation versus observed
Expected Expected Observed Observed
Total possible conserved conserved conserved conserved
Species elements probability number number proportion P-value
Motif: DBP_HUMAN.H11MO.0.B
hg19 149 44.77% 66.71 109 73.15% 1.61x107'2
panTro4 154 43.70% 67.30 108 70.13% 1.89x107 "
gorGor3 148 43.85% 64.90 106 71.62% 4.96x107'2
nomLeu3 146 44.10% 64.39 103 70.55% 6.12x107"
papAnu2 147 42.94% 63.12 100 68.03% 3.97x1071°
rheMac3 149 42.17% 62.84 101 67.79% 1.22x107'°
caljac3 129 38.71% 49.93 82 63.57% 3.39x107°
Motif: JUN_HUMAN.HT11MO.0.A
hg19 169 39.34% 66.49 105 62.13% 6.63x107'°
panTro4 182 38.54% 70.14 110 60.44% 6.33x107'°
gorGor3 176 38.65% 68.02 110 62.50% 4.05x107"
nomLeu3 161 38.61% 62.16 929 61.49% 1.23x107°
papAnu2 171 37.58% 64.27 100 58.48% 8.41x107°
rheMac3 170 37.01% 62.92 96 56.47% 7.43x1078
caljac3 136 34.07% 46.33 73 53.68% 7.01x1077
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Table 2. DBP and JUN motif conservation from hg19 ortholog as reference, neutral evolution expectation versus observed

Expected Expected Observed Observed
Total possible conserved conserved conserved conserved
Species elements probability number number proportion P-value
Motif: DBP_HUMAN.H11MO.0.B
panTro4 114 92.33% 105.26 110 96.49% 4.76x1072
gorGor3 111 89.42% 99.25 107 96.40% 8.42x1073
nomlLeu3 97 76.83% 74.53 88 90.72% 5.92x107*
papAnu2 94 65.84% 61.89 75 79.79% 2.17x1073
rheMac3 91 64.71% 58.89 75 82.42% 2.04x107*
callac3 48 47.71% 22.90 33 68.75% 1.76x1073
Motif: JUN_HUMAN.H11MO.0.A
panTro4 108 91.08% 98.37 103 95.37% 5.90x1072
gorGor3 107 87.70% 93.84 101 94.39% 1.75x1072
nomlLeu3 92 73.86% 67.95 85 92.39% 2.62x107°
papAnu2 86 62.02% 53.33 75 87.21% 7.41x1077
rheMac3 85 60.87% 51.74 71 83.53% 9.29x107¢
callac3 48 44.93% 21.57 37 77.08% 3.77x107¢

LTR18As overlapping cCREs relative to other LTR18As. Because of
the cell type-specific nature of most enhancers, we further exam-
ined motifs enriched in cCRE-associated LTR18A in the top cell/
tissue types (Fig. 6D). Many of the most common motifs are of
AP-1 transcription factors. Another common motif is NFIC,
which is consistent with an activating role previously described
in cancer and could serve a similar role in activating LTR18A el-
ements (Fane et al. 2017). Of note, the CEBP-related factor HLF is
enriched only in the MCF10A cell line. Using ATAC data, we con-
firmed AP-1 and NFIC motifs as enriched in LTR18A elements as-
sociated with active epigenetic states in foreskin keratinocytes
and esophagus mucosa. Altogether, these results suggest that
LTR18A elements become epigenetically activated in epithelial
cells primarily through AP-1 transcription factors and NFIC.

Discussion

Since Britten and Davidson (1971) first hypothesized how repet-
itive elements could influence the development of gene regulato-
ry networks, a growing number of studies have shown the
contribution of TEs as regulatory modules. Using LTR18A as a
representative subfamily, we performed the first systematic func-
tional testing of regulatory potential for a TE subfamily using a
MPRA. By taking advantage of the natural sequence variation
across elements, we identify AP-1- and CEBP-related motifs as im-
portant drivers of LTR18A regulatory activity. This regulatory ac-
tivity is highly dependent on cell context, with LTR18A
displaying much higher activity in HepG2 than in K562.
However, the sequence potential for regulatory activity does
not necessarily reflect activity in the genome, as shown by
LTR18A elements rarely associating with active epigenetic marks
in HepG2. Because of the general repression of TEs, we believe
that similarly silenced TEs with the potential for enhancer activ-
ity may be common. These inactive TEs may be latent under epi-
genetic control, but there remains the possibility that a changing
epigenome, such as during tumorigenesis, can reactivate them
(Jang et al. 2019).

Another unique aspect of this study is leveraging the phylo-
genetic relationship between LTR18A elements within human
and across primate species to investigate the origin and evolution
of regulatory activity in the subfamily. Previous research has im-
plicated two evolutionary paths through which TE sequence can
contribute to the spread of regulatory modules. The first case is

when the ancestral TE originally possesses the driving regulatory
features, such as the TP53 binding site in LTR10 and MER61 or
the STAT1 binding site in MER41B (Wang et al. 2007; Chuong
et al. 2016). A second possibility exists in which the ancestral
TE gains the regulatory module in one lineage through mutation
before amplification, such as the 10-bp deletion in ISX relative to
ISY in Drosophila miranda that recruits the Male Specific Lethal
complex (Ellison and Bachtrog 2013). In the LTR18A family, we
observe both scenarios. Both CEBP and AP-1 motifs are found
in the LTR18A consensus and our reconstructed subfamily ances-
tor, and many elements retain the motifs to the present day.
Divergence from the ancestor over time, especially at the two mo-
tifs, is correlated with a decrease in regulatory activity. In addi-
tion to the two consensus motifs, a second CEBP motif is
gained through an insertion at an early evolutionary timepoint.
This second CEBP motif further increases the regulatory potential
of LTR18A. Ultimately, however, few present-day elements have
maintained the second motif. This could be explained by nega-
tive selection or a deletion bias from the sequence similarity of
the insertion with the upstream sequence. It is also plausible
that our evolutionary reconstruction makes an incorrect assump-
tion about the timing of the second CEBP motif, and each one
occurred independently rather than through a common ancestor.
Under this scenario, a potential mechanism for the recurrent in-
sertions is that the region is prone to replication slippage during
replication or transposition, resulting in multiple independent
duplications of the CEBP motif.

An intriguing possibility is the relationship between TE reg-
ulatory potential and genomic expansion. In our reconstructed
LTR18A phylogenetic tree, we observe loss of enhancer activity
in the leftmost lineage going as far back as its lineage ancestor.
This low enhancer activity lineage corresponds to the earliest di-
verging branch in the human LTR18A subfamily phylogenetic
tree and composes only about one of six (27/181) of all elements.
On the other hand, the major lineage of LTR18A has enhancer
activity throughout transposition. The stark contrast between
the two lineages in enhancer activity and abundance leads us
to speculate that the regulatory potential of LTR18A was directly
related to its ability to expand in the genome, a hypothesis with
which our data are consistent (Supplemental Fig. S10). This is
perhaps unsurprising, as transcription is typically the first step
of transposition and provides the substrate for integration of ret-
rotransposons. However, one important consequence is that
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Figure 6.

transcription factor binding sites that contribute to TE regulatory
potential could be enriched within a subfamily owing to biased
lineage amplification. This appears to have been the case for
the recently reclassified LTR7 subfamilies, each of which possess
a unique set of transcription factor motifs and underwent a wave
of genomic expansion to fill different early embryonic niches
(Carter et al. 2022). It will be important for future studies to dis-
tinguish between selection and passive enrichment of transcrip-
tion factor binding sites through lineage amplification.

To compare ancestral and present-day LTR18A elements, we
tested all elements within the same cell line using a MPRA. This as-
sumes that HepG2 and K562 cells provide the same frans environ-
ment as the equivalent primate and ancestral cell types. Previous
studies suggest that transcription factor binding and subsequent
activation of transcription are deeply conserved from humans to

LTR18A elements are associated with enhancer epigenetic marks in human. (A) Overlap of
LTR18A with ENCODE cCREs across 25 full-classification cell/tissue types. (dELS) Distal enhancer-like sig-
nature; (pELS) proximal enhancer-like signature; (PLS) promoter-like signature. The number of elements
that overlap with cCREs are shown as well as their —logqg-adjusted P-value by BEDTools Fisher. (B)
Distribution of LTR18A elements overlapping cCREs across multiple full-classification cell/tissue types.
(C) Distribution of cell/tissue types overlapping LTR18A elements. The top cell/tissue types are displayed
with the number of LTR18A elements that overlap with a cCRE. (D) Motifs associated with the cCRE-over-
lapping LTR18A elements from the top cell/tissue types in C. Gray indicates nonsignificance at an adjust-
ed P-value threshold of 0.05. PWMs for JUN (AP-1-related factors) and NFIC are shown.

cantly impact phenotype. We find that
LTR18A elements as a whole have higher
mutation rates than the genomic average

log odd
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ement level, AP-1 and CEBP binding mo-
tifs found within LTR18A are more
conserved than expected under the neu-
tral model of evolution. This suggests
that selection does not need to apply to
= entire TEs and instead acts on functional

A units found within each element. Indeed,
we find that at least a third of LTR18A el-
ements have enhancer-associated epige-
netic marks, and in some cell/tissue
types, the active elements are enriched
for the conserved AP-1 motif. Although
the CEBP motif is not significantly en-
riched with active elements outside of
MCF10A, we suspect that the motif is im-
portant in other cell/tissue types that
have yet to be profiled.
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Methods

LTRI8A ancestral reconstruction

To find LTR18A ortholog sets for ancestral reconstruction, we
searched for LTR18A element pairs that fulfilled several require-
ments. First, the hgl9 LTR18A elements must have orthologs in
chimpanzee and gorilla. Second, elements must have orthologs
in at least two of the other primate species: gibbon, baboon, rhesus
macaque, and marmoset. Third, hg19 LTR18A elements must be
>250 bp (>70% of consensus) in length. Finally, both elements
of a pair need to pass all requirements to be selected for ancestral
reconstruction. Orthologs were defined using the chain files
from UCSC to find LTR18A elements within the same syntenic
blocks (Kuhn et al. 2013). LTR18A elements that correspond
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with multiple orthologs in the same genome, or vice versa, were
excluded.

Ancestral reconstruction of both ortholog ancestors and sub-
family ancestors used MAFFT and PRANK followed by manual
curation (Katoh et al. 2002; Loytynoja 2014). To generate ortholog
ancestors, we aligned ortholog sets (e.g., human, chimpanzee, go-
rilla, gibbon, baboon orthologs) using MAFFT multiple sequence
alignment. We used the alignments to produce ancestral and inter-
mediate sequences as well as the phylogenetic tree using PRANK.
The PRANK phylogenetic trees typically reflected the expected
evolutionary relationship between the seven primate species.
Next, we manually adjusted ortholog ancestors to remove unlikely
insertions (Supplemental Methods). After manual curation of
ortholog ancestors, we used MAFFT and PRANK to reconstruct
the phylogenetic tree and sequences of LTR18A subfamily ances-
tral sequences.

LTRIBA MPRA library design

The MPRA library was designed to consist of a motif-focused half
and a tiling half. To design the motif-focused half of our MPRA
library, we took advantage of the relatedness of TEs within the
same subfamily. Similar to RepeatMasker, we can align all
LTR18A elements to a reference sequence. Instead of using the
subfamily consensus sequence, we used our reconstructed ances-
tral node 43 to perform pairwise global alignments to all present-
day and reconstructed elements. Then, we took the sequence of
each element aligned to the first 160 bp of ancestral node 43.
We filtered out elements that have <70 bp owing to deletions
and elements that have >160 bp owing to insertions. We also re-
moved elements that contain a restriction site that we used for
cloning. In total, 1225/1387 RepeatMasker-annotated LTR18A el-
ements across seven primate genomes, all 280 reconstructed ele-
ments, and the Repbase consensus sequence were included. For
the tiling half of the library, we selected all prespeciation ances-
tral reconstruction elements, ortholog ancestors and their pre-
sent-day hgl9 elements, 11 additional hgl9 elements, and the
LTR18A consensus. We then synthesized 160-bp tiles at 10-bp in-
tervals spanning each selected element for a total of 3236 frag-
ments. In addition to motif-focused and tiled sequences, we
selected 456 elements for reverse complements (Supplemental
Fig. S4), 37 pairs of elements for JUN mutagenesis, and 46 pairs
of elements for DBP mutagenesis. Elements for mutagenesis
were chosen based on the closest primate ortholog with/without
the motif. JUN motifs were mutated to TCACCAATGGT, and DBP
motifs were mutated to TCCCACAGCAT. Non-motif-containing
elements were mutated to GCTGAGTCATG for JUN and
ATTATGTAACC for DBP. We also made DBP and JUN mutations
in ancestral node 45 and 43 and the Repbase consensus, resulting
in seven additional mutated motif-focused and 168 tiled se-
quences. For positive and negative controls, we selected 223 re-
gions from a previous study by Ernst et al. (Supplemental Fig.
SS5; Ernst et al. 2016). Thirty dinucleotide shuffled LTR18A
Repbase consensus sequences were included as a second set of
negative controls (Bailey et al. 2015). Each sequence was tagged
with 10 unique barcodes during synthesis. To control for differ-
ences in overall library activity between cell lines, we included
a set of sequences that would leave only the basal hsp68 promot-
er tagged with 300 barcodes. In total, 5918 elements were synthe-
sized using 59,470 unique barcodes.

LTRIBA MPRA enrichment score calculation

For each tested element, we added up read counts for all of its bar-
codes and filtered out those with fewer than five total counts in

any of three transfection replicates or DNA input. Reads were
then normalized to counts per million (CPM). Expression of an el-
ement was calculated as RNA CPM/DNA CPM. Expression was nor-
malized to the average of basal construct transfection replicates.
Finally, enrichment score was calculated as the log, of normalized
expression. Enrichment scores of elements are provided in
Supplemental Data S1.

Transcription factor motif enrichment

LTR18A sequences were separated into active and inactive groups
depending on the enrichment score in HepG2 and K562. AME mo-
tif enrichment was performed to find motifs enriched in active
LTR18A over inactive LTR18A using an E-value threshold of 0.05
(McLeay and Bailey 2010; Kulakovskiy et al. 2018). All motifs
that were enriched are listed in Supplemental Table S4.

TE-WAS analysis of nucleotides and motifs

LTR18A sequences were globally aligned pairwise to the ancestral
node 43 sequence as reference. Pairwise alignments were then
combined based on the common reference. Positions that had bas-
es (not gaps) in <20% of all LTR18A sequences were removed. This
filter retained all consensus base positions.

GWAS analysis tool PLINK was used to identify nucleotides
significantly associated with the phenotype, such as MPRA activi-
ty/inactivity or ATAC peak (Chang et al. 2015). We limited tested
nucleotides at each position to the most common nucleotide at
the position across LTR18A sequences to give us greater confidence
based on sample size. We ran PLINK association analysis using the
above-described alignment and MPRA active/inactive annotations
for each element based on enrichment score. Nucleotides were
deemed significant if P-value<5 x 107>

From the list of significant nucleotides in TE-WAS, we identi-
fied transcription factor motifs from the core human
HOCOMOCOV11 database that are overrepresented based on in-
formation content (Kulakovskiy et al. 2018). Information content
at each significant nucleotide was calculated from each motif’s po-
sition frequency matrix with the background nucleotide frequen-
cies of 0.25. The information content of significant nucleotides
within each motif was then compared with a background expecta-
tion derived from 1000 random shuffles of significant nucleotides
for the phenotype. Motifs were identified if they had higher infor-
mation content from significant nucleotides than background us-
ing t-test and more than significant nucleotides within the motif.

Evolutionary analysis using SHARPR

From tiled MPRA, we calculated regulatory activity for full-length
elements using SHARPR with a few adjustments (Ernst et al.
2016). For each tile of an element, the previously calculated en-
richment score was used as input for SHARPR inference with the
default varpriors of 1 and 50. Each inferred 10-bp step was then
normalized to the mean inferred value for randomly shuffled basal
elements as background. The SHARPR combine and interpolate
commands were used to generate the SHARPR nucleotide activity
scores. Finally, full-length element activities were calculated as
the sum of nucleotide scores across each element.

To validate the SHARPR approach, we identified motifs that
were enriched in peaks, or regions of high nucleotide activity.
Peaks were defined as regions with nucleotide activity scores great-
er than three standard deviations above the basal mean. Enriched
motifs were then identified in peak regions using AME using shuf-
fled sequence as background (McLeay and Bailey 2010).
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Evolution of LTR-derived enhancer activity

Transcription factor motif conservation

For sliding window conservation analysis, we aligned all present-
day genomic LTR18A elements to the Repbase consensus sequence
using the previously defined method. Conservation, defined as the
percentage match to the consensus, was calculated for each 10-bp
window for each element in each species. Windows with gaps or
degenerate bases in at least half of the total window length (five
or more) were excluded. The mean conservation was then calculat-
ed for each 10-bp window separately for each species. Windows
were determined to be significantly conserved using t-test compar-
ing conservation across elements in the window against conserva-
tion across all windows, with a P-value threshold of 0.05 after
Bonferroni correction. Only windows that were conserved in all
seven primate species were kept for further analysis. Motif scan-
ning by FIMO was performed to find transcription factor motifs
fully within conserved windows (Grant et al. 2011).

For JUN and DBP transcription factor motif conservation
analysis, transition and transversion rates in the LTR18A subfamily
were calculated for each species. The neutral expectation for motif
conservation was calculated as previously described (Doniger et al.
2005). We identified all k-mers of the motif length that are found
by FIMO (Grant et al. 2011). The total motif conservation probabil-
ity was calculated as the sum of the probabilities for each motif k-
mer. We used the Repbase consensus sequence as the ancestral
LTR18A state. To represent postspeciation conservation, we used
hg19 orthologs as the reference to compare with other primate
LTR18A elements. The observed motif conservation rate was calcu-
lated for each species based on the percentage of elements that re-
tain the motif. Elements with gaps in the alignment to its reference
were excluded. Statistical significance was determined by one sam-
ple test of proportions and a P-value threshold of 0.05. We also
simulated transcription factor motif conservation rates for each
primate species. Each simulation consisted of randomly mutating
nucleotides in the motif region of each LTR18A element based on
the observed transition and transversion rates. One thousand sim-
ulations were performed for each motif.

Overlap of LTRIBA with genomic annotations

The cCRE genome annotations and various epigenetic data sets
such as ATAC-seq, histone ChIP-seq, and WGBS were downloaded
from ENCODE (https://www.encodeproject.org) (The ENCODE
Project Consortium et al. 2020). The phyloP and phastCons scores
were downloaded from UCSC and converted to bedGraph (Kuhn
et al. 2013). Overlaps with LTR18A elements were obtained by
BEDTools intersect with the criteria of at least 50% LTR18A length
overlapping with a cCRE or epigenetic mark peak (Quinlan and Hall
2010). Enrichment of LTR18A in cCREs and ATAC peaks was ob-
tained by BEDTools Fisher using the same criteria. Heatmaps at
and around LTR18A were generated using deepTools (Ramirez
et al. 2016). LTR18A elements with HepG2 MPRA and ATAC peak
overlap annotations are shown in Supplemental Table S6.
Accession codes for publicly available data sets used in this study
are listed in Supplemental Data S2.

Identification of motifs associated with cCRE-overlapping LTRISA

Fisher’s exact test was used to determine if transcription factor
binding motifs in LTR18A elements are associated with cCRE over-
lap. Motifs that had P-values below 0.05 after correcting for num-
ber of motifs tested were considered significant. The top six cell/
tissue types were selected for analysis as they provided the greatest
number of LTR18A elements overlapping cCREs.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE201068. All custom scripts are available in Supplemental
Code.
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