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Transposable elements (TEs) compose nearly half of mammalian
genomes and provide building blocks for cis-regulatory elements.
Using high-throughput sequencing, we show that 84 TE subfam-
ilies are overrepresented, and distributed in a lineage-specific fash-
ion in core and boundary domains of CD8" T cell enhancers.
Endogenous retroviruses are most significantly enriched in core
domains with accessible chromatin, and bear recognition motifs
for immune-related transcription factors. In contrast, short inter-
spersed elements (SINEs) are preferentially overrepresented in
nucleosome-containing boundaries. A substantial proportion of
these SINEs harbor a high density of the enhancer-specific histone
mark H3K4me1 and carry sequences that match enhancer bound-
ary nucleotide composition. Motifs with regulatory features are
better preserved within enhancer-enriched TE copies compared
to their subfamily equivalents located in gene deserts. TE-rich
and TE-poor enhancers associate with both shared and unique
gene groups and are enriched in overlapping functions related
to lymphocyte and leukocyte biology. The majority of T cell en-
hancers are shared with other immune lineages and are accessible
in common hematopoietic progenitors. A higher proportion of im-
mune tissue-specific enhancers are TE-rich compared to enhancers
specific to other tissues, correlating with higher TE occurrence
in immune gene-associated genomic regions. Our results sug-
gest that during evolution, TEs abundant in these regions and
carrying motifs potentially beneficial for enhancer architecture
and immune functions were particularly frequently incorporated
by evolving enhancers. Their putative selection and regulatory
cooption may have accelerated the evolution of immune regulatory
networks.
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pon encountering cognate antigens, resting naive CD8*

T cells undergo activation and functional differentiation
into cytotoxic effectors, which fight infections. Mechanistically,
adaptive immune responses rely on a profound reorganization of
enhancer networks that orchestrate transcriptional outputs (1,
2). Mutations in enhancers have been associated with autoim-
mune and inflammatory disorders, such as asthma and rheu-
matoid arthritis (3, 4). Epigenetic events accompanying enhancer
remodeling during CD8* T cell differentiation have been com-
prehensively documented (1, 2). Genomic features constituting
CD8" T cell enhancers and their role in regulation, however,
have not yet been explored.

Enhancers are distantly operating modular elements that
stimulate gene transcription by looping with target promoters
(5), acting individually or jointly on one or multiple genes. The
structural framework of an active enhancer includes an accessi-
ble DNA core, surrounded by more condensed chromatin har-
boring short arrays of nucleosomes (6, 7). These flanking
nucleosomes are decorated with H3K4me1, which broadly marks
both active and poised regulatory regions (8), and eventually
with H3K27ac, which correlates with enhancer activity (9). En-
hancers evolving from background DNA include transposable
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elements (TEs) (10), which are abundant in mammalian ge-
nomes (up to 50% of total DNA). TEs are selfish genetic ele-
ments that disseminate throughout genomes via autonomous
self-replication and reinsertion. Based on distinct mobilization
machinery, TEs broadly divide into retrotransposons and DNA
transposons (11). Retrotransposons are by far more abundant
and split into long-terminal repeat (LTR) and non-LTR groups.
LTRs include endogenous retroviruses (ERVs), while non-LTR
TE:s subdivide into long-interspersed (LINEs) and short-interspersed
elements (SINEs), nonautonomous transposons mobilized by the
LINE integration machinery. These lineages are composed of
phylogenetically related families, further branching out into
multiple subfamilies, each originating from one precursor copy.
With time, the accumulation of mutations introduced divergence
in the consensus sequence within members of each subfamily.
A growing body of evidence suggests that specific TE sub-
families have been coopted for transcriptional regulation in a
number of biological contexts (12-22). In particular, TE-
associated enhancers contributed to the evolution of early de-
velopment (17), placentation (18), mammalian pregnancy (14),
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and innate immune responses (21). TEs with regulatory potential
are thought to accelerate evolution. Identical regulatory copies
spread across the genome can rapidly rewire novel transcrip-
tional patterns, resulting in functional novelty or an increase in
regulatory complexity (23, 24). This mechanism could be par-
ticularly relevant for the evolution of the immune system, which
needs to adapt rapidly to effectively respond to a variety of
mutable stimuli.

Here, we use a combination of genome-wide approaches to
characterize enhancers enriched in TEs in differentiating mouse
CDS8* T lymphocytes. We map the topology of TE-lineages
across enhancer central and boundary domains and show that
core-enriched TEs carry ancestral transcription factor (TF) rec-
ognition motifs, better preserved compared to nonenhancer TE
equivalents. Flanking TEs harbor high densities of H3K4mel
histone mark and provide dA:dT-rich sequences that match en-
hancer boundary nucleotide composition. TE-rich enhancers are
linked to important T cell functions and are part of a regulatory
network with a potentially high degree of functional redundancy.
Enhancers selectively active in CD8" T cells and other immune
tissues are richer with TEs, as compared to enhancers active in
other tissues. Similarly, TEs are more abundant in genomic
neighborhoods of immune-related genes, as compared to regions
bearing genes silent in immune tissues. These results reveal the
differential contribution of distinct TE lineages to enhancer
domains and highlight the putative role of TEs in the evolution
of immune functions.

Results

Enhancer Network Reorganizes Early on during CD8* T Cell
Differentiation. To study the role of TEs in cis-regulation in T
lymphocytes, we isolated naive (D0) C57BL/6J TCR transgenic
(OT-I) mouse CD8* T cells (expressing transgenic T cell re-
ceptors specific for ovalbumin). OT-I cells were activated in vitro
for 24 h (D1, activated) or 3 d (D3, cycling cells) using antibodies
directed against CD3 and CD28. To identify active enhancers,
we first performed genome-wide mapping of open chromatin
(accessible to nuclease digestion), using an assay for transposase-
accessible chromatin coupled with high-throughput sequenc-
ing (ATAC-seq) (25). After peak calling, we identify a total
of 42,019 high-fidelity ATAC sites (see mapping and re-
producibility details in SI Appendix, Fig. S1 A and B).

To ascertain possible bias induced by in vitro differentiation,
we compared our dataset to the published ATAC-seq carried out
on OT-I cells, naive and in vivo-differentiated in response to
bacterial infection (GSE95237 series) (1). Of ATAC peaks from
our dataset, 97% in naive and 87% in D3 cells are also present in
naive and differentiated cells from the GSE95237 series, re-
spectively, yielding highly similar profiles in the genome browser
(81 Appendix, Fig. S1C). This not only demonstrates the reli-
ability of our ATAC regions but also reveals that the majority of
peaks found in D3 are independent of the type of stimulus.
Importantly, we further used the in-house dataset because the
sequencing conditions (longer paired-end reads of 100 bp)
allowed less ambiguous mapping of ATAC signals on genomic
repeats and transposons, as compared to single-end sequencing
of shorter reads (26). Higher resolution of this strategy allows
mapping TEs to ATAC peak summits, as well as slopes to better
define boundaries of the accessible chromatin.

To distinguish putative enhancers, we split ATAC peaks into
two groups: Promoters and the distal peaks (see the full pipeline
in SI Appendix, Fig. S24). Regions situated within +2 kb from
annotated transcription start sites (TSS) were considered as
holding a promoter activity. More distal peaks were considered
as cis-regulatory regions. To select distal ATAC peaks with the
signature of active enhancers, we performed an overlap with the
hallmark histone modification H3K27ac using chromatin
immunoprecipitation-sequencing (ChIP-seq) datasets for naive
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and differentiated cells from the above-mentioned GSE95237
series. As these H3K27ac* distal ATAC peaks may contain a
small portion of not yet unannotated promoters, we intersected
them with the H3K4me3 peaks (in-house ChIP-seq), typically
higher in promoters than in enhancers (27) (cut-off is shown in
SI Appendix, Fig. S2B). After filtering out unannotated pro-
moters, we observe an expected proportion of distal ATAC
peaks with features of active enhancers (9), 67% in D0 and 69%
in D3 (Fig. 14). Finally, we obtained a total of 16,807 putative
active enhancers and 12,526 of active promoters (all stages
pooled).

To identify regions with significant alterations in accessibility
during D0-D3 transition, we performed differential quantifica-
tion of ATAC signals in enhancers found in different conditions.
Enhancers were assigned to a differentiation stage only if they
were either more accessible or uniquely found in this stage
compared to another. D1 mostly served to follow the kinetics of
enhancers’ chromatin accessibility between D0 and D3. As
shown in Fig. 1 B, Upper, the amplitude (fold-change) of en-
hancer chromatin accessibility during differentiation in most
cases exceeds twofold. Promoters are modulated to a somewhat
lesser extent (Fig. 1 B, Lower). The vast majority of enhancers
(nearly 80%) undergo statistically significant modulation of
chromatin accessibility during differentiation, in contrast to 34%
of modulated promoters (see numbers in Fig. 1B and propor-
tions in Fig. 1C). Together, these data highlight the para-
mount importance of enhancers in the process of CD8" T cell
differentiation.

Based on differential quantification, we generated a super-
vised heatmap of ATAC signals clustered by their dynamic
profile during differentiation (Fig. 1D). We observed a broader
DO-specific enhancer cluster (50% of the total enhancers), as
compared to D3. The majority of DO-specific enhancers shrink
early on, at D1 (Fig. 1D). Less than 20% either gain accessibility
by D3 or remain stable across differentiation (Fig. 1D). A small
proportion of enhancers is temporarily more accessible at D1.
Higher numbers of the DO-specific enhancers cannot be
explained by higher numbers of genes overexpressed at D0, as
compared to D3. The differential analysis of the stage-matched
RNA sequencing (RNA-seq; in-house) reveals comparable
numbers of genes selectively up-regulated at DO or D3 (SI Ap-
pendix, Fig. S3). This result suggests a higher enhancer/gene ratio
in naive, as compared to activated T cells.

Loci of the key determinants of CD8" T cell differentiation
(I17ra coding for a major marker of naive cells, and 7bx21 coding
for T-bet, the master regulator of effectors), show the expected
modulation of chromatin accessibility, including the experimen-
tally validated enhancer that regulates /I7ra gene expression in
naive T cells (28) and a putative enhancer in the proximity of
Tbx1 gene (Fig. 1E).

Altogether, these results show that during CD8% T cell dif-
ferentiation chromatin remodeling is initiated early on (before
the first cell division) and that naive cells embody broader en-
hancer accessibility and potentially higher enhancer redundancy,
as compared to activated cells.

Selected TE Species Are Differentially Enriched in Central and
Peripheral Enhancer Domains. To colocalize TEs with active en-
hancers, we first defined enhancer boundaries using hallmark
histone modifications: H3K27ac (GSE95237 series) and
H3K4mel (GSE95237 series), as well as H3K4me3 (in-house),
present at a low level in active enhancers. We observed a
comodulation of H3K4mel and ATAC signals in D0O- and D3-
specific developmental enhancers (SI Appendix, Fig. S4). Ag-
gregation of histone marks around ATAC peak centers reveals a
classic peak-valley-peak pattern (29), with the ATAC peak
nearly perfectly coinciding with the valley (Fig. 24). The highest
densities of H3K27ac and H3K4me3 occur within ATAC-adjacent
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Fig. 1. Remodeling of enhancers during CD8" T cell differentiation. (A) Pie charts depicting overlap between distal ATAC-peaks in DO and D3 and the

enhancer- and promoter-distinguishing histone marks (H3K27ac, GSE95237 series, and H3K4me3, in-house). (B) Volcano plots showing differential accessibility
of ATAC regions during differentiation (log, fold-change of ATAC signal modulation) in promoters and active enhancers during CD8" T cell differentiation

(shown is D3 vs. D0). (C) Bar plot showing proportion of promoters and enhancers significantly modulated during D0-D1 and D0-D3 transition (false-discovery
rate 0.05, fold-change >1.5). Shown are proportions of the total promoters or enhancers. (D) Supervised heatmap of the transcripts per million (TPM)-
normalized ATAC signal in enhancers, clustered by the significant or not modulation of accessibility during the D0-D3 transition. Each dynamic cluster is
further subclustered into early (modulated at D1) and late responders. (E) Parallels between normalized RNA-seq, ATAC-seq, and CHIP-seq tracks on the IL7ra
gene and its previously validated enhancer, and the Thbx217 gene and a putative enhancer in the vicinity (shadowed in gray).

regions (roughly equal to the size of one nucleosome in deep se-
quencing; 170 bp), whereas H3K4mel spans 500-bp boundaries of
the size-averaged ATAC-peak (Fig. 24).

These observations suggest that enhancers are composed of
the three distinct domains: An accessible core (ATAC peak,
orange label in Fig. 24), proximal flanks (170 bp, green labels in
Fig. 24), and distal flanks (330 bp, yellow labels in Fig. 24).
Although this separation is somewhat arbitrary, it fits enhancer
biology, with most accessible chromatin—including proximal
nucleosomes—serving as the epicenter for TF binding (25).
Least-accessible flanks harbor enhancer signature histone marks
and may contribute to TF binding by providing favorable
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sequence environment and DNA shape (30-33), as well as host
sites of attachment to nuclear scaffold/matrix (S/MARs) carrying
a variety of regulatory codes (34, 35).

To investigate the contribution of TEs to different domains,
we intersected TE annotations from the RepeatMasker with
enhancer coordinates. To cut through pervasive association and
to reveal potentially functional TEs, we compared proportions of
the major TE lineages in enhancer domains with their genomic
abundance. In parallel, we analyzed local genomic neighbor-
hood, represented by 300-bp and 170-bp regions 2 kb away from
enhancers that roughly match by size the ATAC peak (300 bp on
average) and distal flanks (330 bp), as well as proximal flanks
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Fig. 2. Specific lineages of transposable elements are differentially enriched and distributed within CD8* T cell enhancers. (A) Signal aggregation for histone
marks H3K27ac/H3K4me1 (GSE95237 series), and H3K4me3 (in-house) around ATAC peak midpoints in naive (D0) cells. Enhancer domains are represented by
colored boxes; size-averaged ATAC peak (300 bp), proximal flanks (170 bp), and more distal flanks (330 bp). (B) Heatmap showing significance of enrichment
(red) or depletion (green) vs. genome of TE family according to the binomial two-tailed test inferred on TE counts in enhancer domains and in control size-
matched regions located 2 kb away from the enhancer. Labels represent fold-change ratio in-set vs. in-genome (by length). ns = not significant. (C) Heatmap
showing significance of enrichment vs. genome of TE subfamilies in enhancer domains inferred on the number of counts using standard hypergeometric test.
Labels represent fold-change ratio in-set vs. in-genome (by length). ns = not significant. (D) Distribution of distance between enhancer-enriched TEs and the
ATAC peak midpoint (related subfamilies are combined into groups). (E) Proportional localization of enhancer-enriched TEs within distinct enhancer domains
(related subfamilies are combined into groups). (F) Proportion of enhancers enriched for TE subfamilies in ATAC-peaks, proximal, and distal flanks. Shown are
proportions from the total number of identified enhancers.

(170 bp). This analysis showed that TEs are overrepresented in ~ apparent LTR retrotransposons (MaLRs), LINEs L2, and an-
enhancer domains in a lineage-specific way. Accessible cores are  cient SINEs belonging to the mammalian interspersed repeats
significantly enriched in ERVs, in particular in the mammalian ~ (MIR) (Fig. 2B). Both their significance and fold-enrichment
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over background decrease while moving away from the enhancer
core. In contrast, other SINE families, in particular the most
numerous rodent-specific Bls, are depleted from cores but
enriched in distal flanks. LINEs Lls, although being most
abundant in the mouse genome, are depleted from enhancers
altogether. Certain lineages, such as MalRs, L2s, MIRs, and
hat-Charlies, are recurrently linked to human and mouse en-
hancers, likely reflecting their regulatory propensity in a variety
of biological contexts (13-15, 36).

For a better resolution within large families, we performed sim-
ilar tests for subfamilies, applying statistics to their enrichment in
enhancer domains vs. genome by both length and copy number. To
ensure that enriched subfamilies are associated with enhancers
specifically, we sampled size-matching regions (170 bp and 300 bp)
10,000 times genome-wide. No significant association of the
enhancer-enriched subfamilies with random regions was observed,
except for a few L1M species. After removing them, we obtained 84
subfamilies (among 1,200 in total) enriched in enhancer domains
both by length and by copy number (see enriched subfamilies in
Dataset S1 and random sampling results in Dataset S2). The most
enriched are subfamilies belonging to ORR1, MTE, and MTD
species of ERVs, L2s, and MIRs, as well as B1, B2, and B4 SINEs
(see Fig. 2C for the most numerically abundant subfamilies). Most
Lls are depleted from enhancers, but 11 (of 300) L1M subfam-
ilies are significantly enriched. Recently, the link between immunity
and ORR1Es, MTEa and -b, and MIR3s has been highlighted by
their enrichment in enhancers of dendritic cells (37).

Subfamilies demonstrate lineage-specific enrichment prefer-
ences, with ERVs enriched in cores and B1, B2, and B4 SINEs,
in distal flanks (Fig. 2C). Because MIR species enrich all en-
hancer domains, in contrast to other SINEs, mostly found in
distal flanks, we separated MIRs from other SINEs in the sub-
sequent analyses. The majority of overrepresented subfamilies
are not enriched in the local genomic environment (Fig. 2C),
except for longer LINEs, which nevertheless lose enrichment
while moving away from the core. In concordance with the en-
richment, TEs are distributed within enhancers in a lineage-
dependent way. Distinct groups of ERVs, LINEs, and MIRs
are positioned toward the most accessible chromatin, while other
SINE species favor flanks (Fig. 2D). More precisely, nearly 80%
of ERVs are located in most accessible regions, while up to 90%
of SINEs are in distal flanks (Fig. 2F).

For further analyses, we defined enhancers as “TE-rich” only
if they contain at least one copy of a TE belonging to a subfamily
enriched in one or more enhancer domains. All other enhancers
were qualified as “TE-poor,” even if they overlapped with TEs
(from nonenriched subfamilies). Finally, 60% of enhancers were
defined as TE-rich, including 15% TE-rich in cores, and 56% in
flanks (Fig. 2F). While SINE-rich enhancers numerically
dominate, 10% include TEs from different lineages (SI Ap-
pendix, Fig. S54).

Enrichment tests applied to the developmental clusters reveal
a stronger association of TEs with the DO-specific enhancers, as
compared to the D3-specific and invariant enhancers (SI Ap-
pendix, Fig. S5B). TE-rich enhancers in naive cells seem to be
more responsive to stimulation, as higher proportions of ERV-
and LINE-containing enhancers lose accessibility during dif-
ferentiation, as compared to TE-poor enhancers (SI Appendix,
Fig. S5C).

Altogether, these results demonstrate an enrichment of spe-
cific TE subfamilies in CD8* T cell enhancers and their partic-
ular topology. They also suggest that some species might have
been coopted to specifically contribute to the maintenance of
naive T cell homeostasis.

TE Species Enriched in Enhancers Differentially Associate with

Domain-Specific Chromatin Features. To investigate the possible
contribution of TEs to enhancer core domains, we next analyzed
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copies directly overlapping ATAC peaks. Since related TE spe-
cies show a similar distribution patterns, we combined them into
higher hierarchical groups. As shown in Fig. 34, only a small
proportion of TEs can fully cover the ATAC peak. ERVs and
LINEs on average cover up to 50% of the ATAC peak, while
other species, either because they are smaller or further away,
contribute less. Thus, most accessible chromatin domains are
composed of chimeric TE/non-TE DNA. As TEs can span both
open and nucleosome-occupied regions, we quantified their as-
sociation with ATAC sequencing fragments derived from shorter
nucleosome-free regions (harboring the highest signal), and
longer fragments containing mononucleosomes (less accessible
chromatin) and multinucleosomes (condensed chromatin).
Typically, mononucleosomes are closed to the open chromatin,
while nucleosomes from longer fragments are further away (25).
This analysis shows that ERVs, in particular the most numerous
ORR1 species, avoid nucleosomes and mostly overlap with
nucleosome-free reads (Fig. 3B), except for MTD and RMER
species that may span nucleosomes. LINEs overlap with all types
of fragments by virtue of their length. MIRs are associated
with both mononucleosomes and multinucleosome fragments,
again contrasting other SINE species, mostly associated with
multinucleosome reads (Fig. 3B).

Association of core TEs with nucleosome-free sequencing
reads suggests that they may provide origins of chromatin ac-
cessibility. For each enriched TE lineage, we quantified the
overlap with the ATAC peak summit. Over half of ERV copies
underlie summits, while this proportion decreases for other TE
species (Fig. 3C). As a result, ERVs are present in summits of
the higher proportion of enhancers, as compared to other TE
species (Fig. 3D). Overall, 10% of enhancer chromatin accessi-
bility seems to be TE-originated (Fig. 3D).

We next studied the contribution of flanking TEs to boundary
epigenetics. H3K4mel signal is stronger at multinucleosome
fragments, as compared to single nucleosomes (Fig. 3E). As
SINE:s also colocalize with these fragments, we quantified their
association with the H3K4mel. We reasoned that a positive ratio
between the H3K4mel signal on SINE elements and adjacent
nucleosome-sized flanks would indicate a direct deposition of
this histone mark on SINE-bound nucleosomes (higher
H3K4mel signal in SINEs compared to surrounding regions is
illustrated in Fig. 3 F, Left and Upper Right). As shown in Fig. 3 F,
Lower Right, for nearly half of the copies of the most abundant
SINE species, this ratio is positive. In total, 25% of enhancers
are enriched for these SINEs. This suggests that flanking SINEs
may contribute to nucleation and spreading of the H3K4mel,
which has been shown to bind important chromatin modi-
fiers (38). H3K4mel signal at these SINEs decreases during
activation (Fig. 3 F, Left), suggesting their putative developmental
role. Altogether, these results highlight substantial contribution of
enhancer-enriched TEs to building open chromatin and boundary
regions.

TEs Enriched in Enhancers Carry Ancestral Regulatory Motifs. As the
majority of genomic transposons are truncated and diverged
from consensus sequence during evolution, we identified con-
stituent parts of the enhancer-enriched TE subfamilies that
overlap with enhancer domains. To compare them with inac-
cessible TEs, we analyzed in parallel the equivalent subfamilies
located in gene-poor regions (over 200 kb from the annotated
TSS) with lower enhancer content and less accessible chromatin.
Similar to genomic ERVs, enhancer-linked counterparts are
reduced to solo LTRs (viral promoters) (SI Appendix, Fig. S6A4).
They, however, systematically show higher preservation of the
consensus sequence (SI Appendix, Fig. S6A) and longer length
(by 70 bp on average) (SI Appendix, Fig. S6B). As predicted,
LINEs are mostly truncated to 3'UTRs and strongly diverged
from the consensus. Only a small proportion of younger L1Ms
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Fig. 3. TEs enriched in CD8* T cell enhancers differentially contribute to chromatin states. Related TE lineages are hierarchically grouped to produce. (A)
Violin plot showing distribution of ATAC-peak coverage by TE sequence (percent of ATAC peak length composed of TE). Median values are indicated. (B) TE-
centered coverage plots showing association of enhancer-enriched TEs with ATAC-seq fragments derived from nucleosome-free, mono-, or multinucleosomes
(di- and trinucleosomal fragments are combined). (C) Bar plot showing total number of enriched TEs in enhancers (colored bars) and TEs overlapping with
ATAC peak summits (black bars). (D) Bar plot showing proportion of enhancers with TE in ATAC-peak summit. (E) Coverage plot showing intensity of
H3K4me1 signal (GSE95237 series) in ATAC sequencing fragments derived from mono- or multinucleosomes. (F, Left) Heatmaps representing bins per million
mapped reads-normalized H3K4me1 signal plotted over enhancer-linked SINEs harboring higher reads, as compared to adjacent regions. (Upper Right) A
genome browser example of the H3K4me1-loaded B4 SINE. Upper bar plot shows proportion of the most numerically abundant enhancer-enriched SINE

species targeted by H3K4me1.

carry promoter parts (5'UTRs). Enhancer-linked copies, however,
are strikingly longer (by hundreds of base pairs) than their coun-
terparts from gene deserts. Relatively young B1, B2s, and B4s
show high degrees of conservation and almost no difference from
their genomic equivalents (SI Appendix, Fig. S6 A and B).

Since transposons are proficient in binding multiple TFs (16—
20, 39) and some of them have preserved original promoters that
may contain ancestral regulatory elements, we performed a
search for TF-recognition motifs. We first analyzed domains of
all CD8* T cell enhancers (pooled from distinct stages of dif-
ferentiation) and then enhancer-enriched TEs. The Regulatory
Sequence Analysis Tool (RSAT) (40) helped to reveal that core
domains specifically harbor the majority of recognition motifs for
various TFs important for T cell biology (Fig. 4). Sequences
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recognized by ETS and RUNX domain-binding proteins are the
most abundant. ETS1 and GAPBA (ETS domain) and Runx1
(RUNX domain) are linked to the key T cell functions (41-44).
Neither enhancer flanks nor the size-matched control regions
from the local genomic neighborhood are enriched for these
motifs (Fig. 4). The sequence predicted to bind the pleiotropic
transcriptional activators Spl and Spl-like KIf (Kruppel-like
Zinc finger proteins) is overrepresented in proximal flanks, to-
gether with AT-rich motifs (in both flanking domains), with
putative affinity to Forkhead family proteins that play various
context-dependent functions in immune cells (45), as well as A-
favoring Zinc finger proteins. The main overall flanking feature
is the abundance in A- and T-rich repeats. Some of these re-
peats (ATTTA or AACAAA) are enriched in S/MARs (46),
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Fig. 4. Distinct sequence composition in enhancer cores and flanks. Se-
quence enrichment analysis using RSAT for enhancer domains and size- and
number-matching control regions 2 kb away from enhancer. Shown are lo-
gos of the most enriched sequences, predicted TF or TF family, and e-values
of enrichment. Recognition motifs are embedded within enriched sequences
in direct or reverse orientation. Dash indicates that the motif is not found.

suggesting that boundaries of CD8* T cell enhancers may foster
sites of the attachment to nuclear matrix.

Overall, CpG dinucleotide frequency in flanks is lower than in
cores (0.08 in core vs. 0.05 in distal flanks), consistent with a
recent report showing that the low-flanking CG content is a
hallmark of human enhancers associated with immune functions
(47). dA:dT-rich environments carry regulatory properties and
yield specific DNA shapes sensed by certain types of TFs (48), as
well as dictate nucleosome positioning (49). This particular
flanking composition seems to be enhancer-specific since the
majority of sequences are not enriched in enhancer vicinity. The
cross-comparison of similar numbers of the DO- and D3-specific
enhancers (using counterpart as a background) reveals that the
DO-specific cluster is enriched in binding motif for Tcf7, a critical
TF for naive and memory T cell-related functions (50) and AT-
rich flanking sequences of various lengths and An:Tn periodicity,
which are positionally biased toward flanks (SI Appendix, Fig.
S6C). In contrast, the D3-specific cluster outnumbers by
activation-linked Fos-Jun motifs and various CG-rich sequences
that include Sp1/KIf motifs, all positioned toward enhancer cores
(81 Appendix, Fig. S6C).

To study the putative contribution of TEs to TF-binding, we
performed sequence analysis of the enhancer-enriched TEs and
their subfamily equivalents from gene deserts, pooling them into
phylogenetically related groups. This reveals that a high pro-
portion of core TEs, in particular ERVs, carry recognition motifs
for various TFs, including those for ETS and Runx domain
proteins (Fig. 5). Both L1s and L2s bear Sp1-KIf and other Zinc
finger protein motifs. MIRs also carry several TF recognition
motifs, in contrast to flanking SINEs that are almost uniquely
enriched for dA:dT-rich sequences (including CA repeats),
which are predicted to be favored by A-prone proteins. Similar
dA:dT-rich sequences are overrepresented in LINEs that span
flanks. These sequences almost perfectly match enhancer dA:dT
flanking lexicon. Nearly all motifs enriched in enhancer-linked
TEs are present in the corresponding consensus, including A-
rich tails of SINEs (51). The Fos-Jun binding motif found in
B2s has been presumably evolved together with enhancers be-
cause it is not present in B2 consensus sequences. The majority
of enriched motifs are absent or proportionally decreased from
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TE counterparts from gene deserts, suggesting a putative selec-
tive advantage for T cell cis-regulation.

Since the A-rich Forkhead-like motifs are inherent to many
TEs, we examined their capacity to bind Forkhead protein
Foxo1, a major regulator of T cell homeostasis (45). To this end,
we exploited the public dataset of ChIP-seq for Foxol performed
on naive CD4™ T cells (52), whose transcriptome is fundamen-
tally similar to the one of naive CD8" T cells (53). We find a
remarkable overlap of Foxol peaks with the promoter- and ac-
tive enhancer-linked ATAC peaks in naive (DO0) cells (SI Ap-
pendix, Fig. S7A4), confirming the biological relevance of the
dataset. Our quantification shows that various TE species
colocalize with Foxol peak summits in enhancers (SI Appendix,
Fig. S7B), providing altogether 20% of binding sites. This sug-
gests substantial participation of TEs in the maintenance of naive
cell homeostasis.

In sum, we show that enhancer core-linked TEs carry a rich
array of ancestral motifs recognized by TFs relevant to T cell
biology. These motifs are better preserved in enhancer-core TEs
compared to nonaccessible TE equivalents. Flanking TEs carry
sequences matching the inherent enhancer flanking lexicon,
particularly featured in naive cells, and may putatively contribute
to sequence-based boundary regulation.

The Link Between TEs and Immune Functions. To identify tran-
scriptional programs putatively rewired by TEs, we predicted
enhancers’ gene targets via the Genomic Regions Enrichment of
Annotations Tool (GREAT) (54). Using matching RNA-seq, we
kept only developmentally comodulated enhancer/gene pairs
(modulation of enhancer accessibility [by ATAC-seq] and change
in gene transcription [by RNA-seq] are in concordance). This
strategy allowed coupling of nearly 1,000 DO-specific genes to
developmentally cobehaving enhancers (Dataset S3). Over 40%
of the gene targets are shared between TE-rich and TE-poor
enhancers, suggesting a high degree of putative enhancer re-
dundancy (Fig. 6 A, Upper). A substantial proportion is uniquely
assigned to TE-rich enhancers. Despite SINEs outnumbering
other TE families, the majority of genes are shared between
enhancers rich in SINEs and rich in other TE types (Fig. 6 A4,
Lower). Nearly one-third of the predicted enhancer/gene pairs in
the DO-specific cluster has been previously identified by Hi-C (2)
performed on naive CD8" T cells, likely reflecting a direct
physical contact (Dataset S4). SI Appendix, Fig. S84 illustrates
the loci of Irfl and FbxI5 genes and corresponding TE-rich en-
hancers confirmed by Hi-C.

Gene ontology (GO) enrichment analysis performed on
genes linked to TE-rich and TE-poor enhancers (split by TE
lineage) showed that overrepresented functional terms mostly
divide into two functional classes: Immune and metabolic (Fig.
6B). All of the enhancer categories are enriched for the “reg-
ulation of response to stimuli” biological process. The ma-
jority of them associate with various semiredundant processes
linked to leukocyte and lymphocyte biology, such as migra-
tion, adhesion, and differentiation. LINE-linked enhancers
themselves are restricted to a few processes, perhaps due to
their lower number. ERV-, MIR-, and SINE-rich enhancers
functionally overlap with each other and with TE-poor en-
hancers. Despite a high proportion of genes uniquely linked to
TE-rich enhancers, functional patterns highly overlap be-
tween the distinct enhancer categories. This suggests that TE-
rich enhancers may have complemented regulatory branches
to each process instead of rewiring innovative functions.
Similarly, D3-specific TE-rich and TE-poor enhancers show
high functional overlap in leukocyte and immune effector
functions (T cell activation, cytokine production) (SI Appen-
dix, Fig. S8B). In the invariant cluster, ERV- and LINE-rich
enhancers alone are not associated with any particular term,
while MIR and other SINE-type-rich enhancers are linked to
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Fig. 5. Enriched TEs carry regulatory motifs. Sequence analysis (RSAT) performed on enhancer-enriched TE subfamilies and their equivalents from gene-poor regions
(>200 kb away from the TSS). Related subfamilies combined into bigger groups. Shown are logos of the sequences most enriched vs. background, predicted TF, e-
values of enrichment, proportion of TEs carrying at least one sequence, and the same or highly similar motifs in the TE consensus from the Dfam database. In case of
opposite orientation, reverse-complement of the sequence is shown in brackets. Dash indicates that the motif is not found (in any orientation).

metabolic functions related to protein, DNA, and RNA assigned to SINE-bearing enhancers, suggesting their possi-
turnover (SI Appendix, Fig. S8C). Several processes—for ex-  ble contribution to the evolution of specific housekeeping
ample, catabolic and “chromosome localization”—are uniquely  processes.

7912 | www.pnas.org/cgi/doi/10.1073/pnas.1912008117 Ye et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912008117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1912008117

Enhancer/gene association B GO enrichment in the DO-specific cluster
in the DO-specific cluster

S
) ,«\‘\c‘f"\c‘:‘\ S

<L o &
& \%@ &V \ﬁ

regulation of response to stimulus

TE-poor TE-rich regulation of signal transduction
regulation of cell communication
regulation of cell adhesion
regulation of cell migration
regulation of leukocyte migration
immune system process
leukocyte activation

lymphocyte activation

166 417 400
17%  42% 41%

Immune

lymphocyte differentiation
Non-SINE SINE-rich leukocyte differentiation

TE-rich L2 T cell differentiation
8 regulation of cellular metabolic process
© Qregulation of nitrogen compound metabollic process
% regulation of macromolecule metabolic process
o 0, 0 protein modification process
15%( 45%  40% protein phosphorylation
regulation of programmed cell death
homeostatic process
regulation of tumor necrosis factor production
o
15 10 5
-log10 FDR
C Overlap between enhancers in D Overlap of active enhancers
immune cells and ATAC peaks and genes between T cells and
in common progenitor other immune cells
100
4
o 80 2 g 100~
Kol B c No overlap
§ 60 oo W Overlap
o 40 % & 50
s 9 2
x® 20 £
0 5 8 0
N <3
«oe} 00 .\«0 00 gboé N o" X g
& ‘béz’b\“’ooQ‘\ P e
O 53 @’b ® ((/{\(\
E Proportion of TE-rich enhancers F TE occurences in immune and
in immune and non-immune groups non-immune genomic regions
*xkk xkk
immune TE-rich vs. non-immune TE-rich; 28001 - o '
p-value < 2.2e-16 =
2 100 £ g 600
o5 TE-poor % g
€8 9
© c W TE-rich @ 2 400
c ®© w g [ [ ]
2 £ Es
a9 50 %5 & 200
Fe}
g3 70%ll57% 2
> s 0
ES E 0 - #10362 #9864 #14685 #2323 #4194
(/] N O =3 \\\e
) & O & R 4 O
é&(\ é\é\\\ @6910\\ QJ@@Q)\\%“‘ Q?g‘:%& Q@b é\\é\q%
& S TN @ FE LA e
AN FP F& @ FP o B
éo 00 &@ %6\ 6\0 B QQQ OQ%'QQ
N € o NP
& <&
&

Fig. 6. Link between TEs and immune functions. (A, Upper) Venn diagram depicting overlap between genes assigned to TE-poor and TE-rich enhancers in the
DO-specific cluster. Shown are gene numbers and proportion of the total linked to enhancers in the DO-specific cluster. (Lower) Venn diagram depicting
proportional overlap between genes assigned to enhancers enriched in numerically dominant flanking SINEs (without MIRs) and other TE species (pooled). (B)
Heatmap showing enrichment of GO biological processes associated with TE-poor and distinct categories of TE-rich enhancers (split into lineages). GO terms
are divided into two major functional classes, immune and metabolic. Same color is given to the hierarchically related processes, which are ranked by
descending order starting with the parental term. (C) Bar plot showing proportion of enhancers in distinct immune lineages overlapping with ATAC-seq peaks
in HSC (ENCFF190DGJ). (D) Bar plot showing overlap between enhancers and genes (fragments per kilobase of transcript per million mapped reads > 0.5)
active in CD8" T cells (in-house datasets) and enhancers (Enhancer Atlas 2.0) and genes [Lara-Astiaso et al. (55)] active in other immune cells. (E) Barplot
showing proportion of TE-rich among enhancers unique to immune tissue and unique to nonimmune tissues. Results of the Fisher’s exact test is shown to
illustrate significantly higher proportion of TE-rich enhancers in the “immune” population, as compared to the “nonimmune” population. (F) Violin plot
showing number of TE instances around genes (+100 kb from the TSS) expressed or not in CD8" T cells and all other immune cells, as well as genes enriched in
GO “immune system process” and its higher hierarchy, “response to stimulus.” Significance was assessed using the pairwise t test. ****P < 0.001.

Association with leukocyte functions suggests that CD8* T cell  other immune cell types (extracted from the Enhancer Atlas 2.0;
enhancers may originate from precursor lineages. To address  http://www.enhanceratlas.org/index.php) premarked in progeni-
this, we exploited the public dataset of ATAC-seq performed on  tors (Fig. 6C). This suggests that HCS-accessible chromatin is
hematopoietic stem cells (HSC, a common precursor of all im- a major source of enhancers for immune tissues. Besides,
mune lineages) (Encode ENCFF190DGJ). We observed a high  CD8* T cell enhancers overlap by 60% with enhancers pooled
proportion of CD8* T cell enhancers and enhancers found in  from other immune lineages (51,000 in total) (Fig. 6D). Moreover,
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a high proportion (74%) of genes expressed in CD8" T cells
are shared with genes expressed in other immune lineages
(Fig. 6D) [data obtained from the publicly available RNA-seq
analysis of all immune lineages (55)]. Despite differential
enhancer activation and gene expression during lineage
commitments (55), altogether this suggests that a high pro-
portion of genomic regions evolved to broadly support immune
functions.

To investigate whether these regions are different from other
genomic regions, we extracted enhancer coordinates from 14
nonimmune tissues (listed in SI Appendix, Fig. S94) from the
Enhancer Atlas database 2.0. Cross-tissue comparison revealed
25,000 enhancers unique to immune tissues (immune enhancers)
and 70,544 unique to nonimmune tissues (nonimmune en-
hancers). The majority of genes collectively expressed by im-
mune cells (60%) colocalize with immune enhancers (within
100 kb around the TSS). To address putative TE cooption, we
applied TE subfamily enrichment tests. Because it was impossi-
ble to precisely map centers and define domains, we trimmed
public enhancer coordinates down to +750 bp from the mid-
point, obtaining uniform 1,500-bp regions. Significance of TE
enrichment was inferred on TE copies located within loosely
defined enhancer cores (400 bp around midpoint) and the
full enhancer. This test revealed a significantly higher number
of immune enhancers as TE-rich, as compared to the non-
immune enhancers (70% and 58%, respectively) (Fig. 6F).
Specific subfamilies of ORR1s, RLTR19s, L1Ms, and B1Mus are
particularly enriched in the population of immune enhancers, as
compared to the nonimmune enhancers (SI Appendix, Fig. S9B).
As these TE species are also overrepresented in CD8* T cell
enhancers, we compared occurrences of all enriched TE sub-
families in genomic regions containing genes expressed or silent
in CD8* T cells (within 100 kb around the TSS). There was a
higher number of TEs around expressed genes and the “immune
system process” genes (GO: 0002376), as compared to regions
hosting genes expressed weakly or not expressed in CD8" T cells
(SI Appendix, Fig. S9C). Moreover, the total number of all TEs
around genes expressed in CD8" T and other immune cells
(including genes of the “response to stimulus” and the “immune
system” processes) is higher, as compared to “silent-gene” re-
gions (Fig. 6F).

These results show that TE-rich enhancers in CD8* T cells
putatively rewire complementary branches of biological pro-
cesses related to leukocyte and lymphocyte biology and that they
are originated from the pool of enhancers supplied by HSC
to distinct immune lineages. Enhancers unique to immune tissue
encompass more TEs, as compared to enhancers unique to
other tissues, and this correlates with higher TE occurrences
around genes expressed in immune cells, as compared to
unexpressed genes.

Discussion

Evolution of enhancers from the genomic background is as-
sumed to be accompanied by the functionalization of regulatory
sequences derived from transposons. TEs have supplied mam-
malian enhancers with multiple built-in regulatory motifs, con-
tributing substantially to the shaping of cis-regulation in a variety
of human and mouse tissues (10). While unique TE-derived
regulatory cues have not yet been reported to our knowledge,
functional TE cooption is assumed to accelerate the evolution of
regulatory networks (10, 23, 24). Widespread TE copies carrying
similar regulatory cues have the potential to rapidly rewire re-
motely located genes into novel coordinated transcriptional
patterns. Specific TEs have participated in the emergence of
functional innovations, such as mammalian pregnancy (14) and
inflammatory innate immune response (21).

Immune cells, permanently adapting to novel stimuli, may
have drawn a particular benefit from rapid TE-based adaptive
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strategies. We have performed a genome-wide analysis of the
contribution of TEs to immune-related enhancers. Our findings
suggest that enhancers specific to immune tissues are more
prone to a putative TE cooption, as compared to enhancers
specific to other tissue types. We show that different hemato-
poietic lineages have overlapping transcriptomes and employ a
largely shared enhancer repertoire. A major source of these
enhancers is a common hematopoietic progenitor. Even if the
levels of gene expression and the enhancer engagement are
variables between immune lineages (55), this shared regulatory
pool suggests that during evolution, specific genomic regions
have been tailored to serve immune functions. These regions
differ from other gene-rich regions in several ways. First, genes
responding to stimuli, including immune genes, evolve at a fast
pace (56, 57). Second, we observed higher TE occurrences in the
local environment of genes expressed in immune cells, as com-
pared to silent genes. The forces that drive such biased TE
representation in immune-associated genomic regions remain
unclear. Reduced purifying selection is likely to be the primary
determinant for the local accumulation of TE insertions. The
efficiency of purifying selection may be weakened by low re-
combination rate, which is known to positively associate with a
regional accumulation of transposons (58). It is also possible that
immune genes have evolved under strong diversifying selection,
resulting in nearby bystander mutations propagated through
genetic linkage. Or else, TEs—in particular LINEs and SINEs—
may have accumulated because of the immune-linked gene
maintenance. Our observations suggest that reduced purifying
selection alone is unable to explain higher proportion of TE-rich
immune enhancers compared to nonimmune. We suggest that
transposons carrying regulatory sequences beneficial for
immune-related functions have been actively selected post-
integration. Indeed, ancestral regulatory motifs are better pre-
served in enhancer-enriched TEs compared to their counterparts
located in gene-poor regions. Regional abundance could have
facilitated selection and cooption of regulatory transposons for
the rewiring of immune transcriptional networks.

In CD8* T cells, specific TE subfamilies are overrepresented
either in enhancer cores or boundaries and contribute with se-
quences typical to these domains (TF-recognition and architec-
tural motifs, respectively). TEs are mostly included in enhancers
in an additive manner, forming TE/non-TE chimeras, while di-
rectly originating open chromatin in only 10% of enhancers.
Nonrandom topology of enhancer-enriched TE lineages (ERVs
favoring most accessible, while SINEs favor the least accessible
chromatin) suggests distinct functional tasks, with ERVs puta-
tively participating in TF binding, while SINEs contributing to
“hardware” enhancer features. Indeed, A-tails of SINEs might
be beneficial for enhancer flanks, as they match an overall AT-
rich flanking lexicon. Such a sequence composition is able to
physically yield particular DNA conformation (59), disfavoring
local nucleosomal occlusion (49) and attracting specific TFs (30—
33). It has been shown that Bl-like human A/u SINEs can in-
fluence nucleosome positioning (60). Furthermore, enhancer-
linked SINEs are enriched in sequences previously linked to
S/MARs, which host versatile regulatory signals (46, 61) and where
TEs have already been observed (62). It is possible that “well-
positioned” SINEs passively participate in sequence-specific
functions, although their enrichment within enhancers may ar-
gue for active selection. We show that SINEs harbor the highest
H3K4mel signals at one-quarter of CD8" T cell enhancers.
Because this histone mark binds important chromatin modifiers
(38), flanking SINEs may provide platforms for chromatin
rearrangement not only via physical but also biochemical prop-
erties of their sequences.

By contributing with ready-made regulatory motifs, TEs could
have accelerated the formation of immune regulatory networks.
In CD8" T cells, we observe a high overlap between regulation
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computationally assigned to TE-rich and TE-poor enhancers.
TE-rich enhancers share a cohort of putative gene targets with
TE-poor enhancers. This likely reflects enhancer redundancy
described as a widespread feature of mammalian genomes (63,
64). It is assumed to provide a sort of “regulatory buffer” to
protect from the loss of individual enhancers (63, 64). TEs may
also contribute to secondary enhancers, shown to protect phe-
notypic integrity only in extreme conditions (64). Besides sharing
genes with TE-poor, TE-rich enhancers associate with selected
gene group. Hypothetical contribution of TEs to rewiring these
genes did not result in functional innovation. Rather, it nurtured
biological processes similar to those linked to TE-poor en-
hancers. It is tempting to speculate that such regulatory ar-
rangement may embrace high functional redundancy (different
elements with similar functions organized into buffering net-
work) described as another major trait of robust biological sys-
tems, protecting from environmental fluctuations and yielding
diversity of a response via competitive exclusion and cooperative
facilitation (65). Thus, TEs (at least in CD8* T cells), by pro-
viding ready-made regulatory sequences, may have accelerated
acquisition of functional robustness.

Robustness is likely critical to immune regulatory circuits. It
may prevent hasty responses and ectopic losses of homeostasis,
which in the case of naive T cells can lead to ineffective or
harmful immune responses. Additionally, robustness may sup-
port the diversity of immune responses. We propose a model in
which a high density of TEs in immune-associated genomic re-
gions favored selection and regulatory cooption of functional
TE-sequences. This may have accelerated evolution of immune
enhancers and acquisition of robustness of immune functions.

Materials and Methods

Isolation and Differentiation of Naive CD8* T Cells. C57BL/6) TCR transgenic
mice (OT-I) were purchased from the Jackson Laboratory and housed in Curie
Institute’s specific pathogen-free animal facility. Live animal experiments
were performed according to the guidelines of the European Veterinary
Department (Project Authorization N:02465.02). CD8" T cells were obtained
from lymph nodes and spleens of OT-I mice and enriched using the naive
CD8™ isolation kit (StemCell). Cell labeling was performed in PBS supple-
mented with 0.5% BSA and 2 mM EDTA, using antibodies against CD62L,
CD44, and CD25 (BD Biosciences). Polyclonal naive, CD62LMS" CD44'*w
CD25~ CD8* cell subset was FACS sorted (FACSVantage Diva, FACSAria flow
cytometers; BD Biosciences) to 99% purity. To activate cells in vitro, plates were
coated with 10 pg/mL of CD3e antibody (eBioscience) and naive cells were
seeded and cultured in the RPMI medium supplemented with 10% of FCS,
rhiL-2 (40 UmL Proleukin; Novartis), 2-mercaptoethanol, Pen-Strep, L-gluta-
mine, nonessential amino acids, and 1 pg/mL of anti-CD28 antibodies (eBio-
science).

ATAC-seq and ChIP-seq. ATAC-seq was performed as in ref. 25. ChIP-seq was
performed as in ref. 66. Libraries were sequenced using 100-bp paired-end
reads setting. Properly paired reads were aligned to the unique locations
of the mm10 genome using Bowtie2 v2.1.0. For ATAC-seq, ATACseqQC
Bioconductor package (67) with default parameters was used to identify
nucleosome-free and nucleosome-containing inserts. Peaks were called us-
ing MACS2 v2.0.10 with default parameters. Modulation of the enhancer
chromatin accessibility across differentiation was quantified using HTseq
v0.6.1 followed by DESeq2 (v1.18.0). For ChIP-Seq, peaks were called using
SICER v1.1 (window size 500 bp, gap size 1,500 bp, and 5% false-discovery
rate threshold). See S/ Appendix for detailed information.

RNA-seq. Total RNA was purified using the TriZol reagent (Thermo Fisher
Scientific) following the manufacturer’s instructions and isolated using
RNAesy Mini kit (Qiagen). Libraries were sequenced using 100-bp paired-end
reads. Properly paired reads were aligned to the unique locations of the
mm10 genome using Tophat v2.0.6. Gene-expression values were quantified
using HTseq v0.6.1, and the differential analysis was performed using
DEseq2 (v1.18.0). See S/ Appendix for detailed information.

Identification of Active-Enhancers. To reveal active enhancers, ATAC peaks
were split into two groups, the promoter (+2 kb around the gene TSS) and
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the distal ATAC peaks (>2 kb from the TSS). Distal ATAC peaks were
intersected with H3K27ac peaks (GSE95237 series). Unannotated promoters
with high level of H3K4me3 (in-house dataset) were filtered out (See S/
Appendix, Fig. S2B for cut-off details). H3K27ac" distal ATAC peaks with low
H3K4me3 levels were defined as putative active enhancers. See SI Appendix
for detailed information

Identification of TE-Rich Enhancers. First, the effective length of active en-
hancers was determined using H2K27ac (GSE95237 series), H3K4me1
(GSE95237 series), and H3K4me3 (in-house). Enhancer was defined as a re-
gion centered upon ATAC-peak, carrying the highest densities of the three
histone marks and comprised of three domains: ATAC peak, proximal (170
bp, roughly equal to the size of one nucleosome in deep sequencing), and
distal flanks (around 330 bp). Enhancer coordinates were intersected with TE
coordinates from the RepeatMasker (v4.0.9 produced for the mm10 assem-
bly, version GRCm38.p6) parsing by “one code to find them all” tool (68) and
using BEDTools (69). The ratio between TE family or subfamily abundance
(by counts or length) in-set versus in-genome was analyzed using perl script
of the TE-analysis_pipeline.pl as in Lynch et al. (14). The significance of en-
richment was estimated using standard binomial and hypergeometric tests.
Fold-change in figures was generated on length, as better representing the
contribution of a given TE. The specificity of TE subfamily association with
enhancer domains was accessed by randomly sampling size-matched regions
10,000 times parsing with TE-analysis_pipeline.pl. See S/ Appendix for
detailed information.

Sequence Analysis. Perl script dfamscan.pl from the Dfam database (3.0) (70)
was used to identify constituent parts of the enhancer-enriched TEs. Pre-
diction of regulatory motifs within enhancer domains or TEs was performed
using the peak-motif pipeline of the RSAT (40). Overrepresented motifs
were screened by TF motif databases (JASPAR core nonredundant verte-
brates, 2018) and cis-BP mouse (2019-06_v2.00) to predict TF binding. Most
frequent oligonucleotides in TE-sets were searched within TE consensus se-
quences from the Dfam database (https://dfam.org/home). See S/ Appendix
for detailed information.

Predicting Enhancer/Gene Pairs and Enriched Biological Processes. Enhancers
were assigned to genes using GREAT (http://great.stanford.edu/public/ntml/)
with default parameters. Only enhancer/gene pairs comodulated during
differentiation were selected (ATAC signal is comodulated with the change
in gene expression). Enhancer/gene pairs in naive cells were compared with
those predicted by Hi-C from He et al. (2). Functional enrichment analysis
was performed using the Gene Ontology Resource (http:/geneontology.org/).
See SI Appendix for detailed information.

Comparison of Enhancer Repertoires and Transcriptomes Between Tissues.
Enhancer coordinates for different mouse tissues were retrieved from the
Enhancer Atlas 2.0 database. To estimate TE enrichment, coordinates were
trimmed down to +750 bp from the midpoint. TE enrichment was inferred
on counts in loosely defined cores (400 bp) and full enhancer regions. To
normalize for dataset size differences, the bootstrap sampling strategy was
applied. Genes expressed in all major hematopoietic lineages were identi-
fied using the public dataset of RNA-seq (55). See SI Appendix for detailed
information.

Source of the Public Data Used in This Study. The sources of the public data
used in this study are as follows: GSE95237 series: TN_H3K27ac (GSM2357745/
46), TE_H3K27ac (GSM2357747/48), TN H3K4me1 (GSM2357729/30), TE_H3K4me1
(GSM2357731/32), and Inputs for TN (GSM2357753/54) and for TE (GSM2357755/
56); GSE46525 dataset: Foxo1 ChIP-Seq (GSM1131775) and Input (GSM1131776)
from the Gene Expression Omnibus repository (https://www.ncbi.nlm.nih.
gov/geo/); and ATAC-seq on HSC (ENCFF190DGJ from the Encode; https://
www.encodeproject.org).

Data Availability. Raw and processed data of ATAC-seq, ChIP-seq, and RNA-seq
have been uploaded to the Gene Expression Omnibus repository (https:/
www.ncbi.nlm.nih.gov/geo/) and are available under serial accession number
GSE142151.
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