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@ COMMENTARY

Transposable elements teach T cells new tricks

Atma Ivancevic*® and Edward Boyi Chuong®®"'

Mammalian genomes are replete with transposable
elements (TEs): parasitic genetic sequences that can
replicate to high copy numbers within host genomes
(1). TEs are widely recognized as a potent source of
cell type- and context-specific regulatory elements
(2, 3). In PNAS, Ye et al. (4) analyze chromatin profiling
data from mouse CD8* T lymphocytes and find that
multiple TE families contribute to predicted regulatory
sequences. Compared to other cells, immune cells
show the highest enrichment of TE-derived enhancers
(Fig. 1), suggesting that TE cooption may preferen-
tially influence immune regulatory networks.

Transcriptional regulatory networks underlie the
gene expression programs that determine cellular
identity, function, and response to stimuli. In the ge-
nome, regulatory elements such as promoters and en-
hancers act as “wires"” to connect genes into regulatory
networks and control nearby gene expression. Changes
to regulatory networks are recognized as an important
mechanism for organismal evolution (5), but mecha-
nisms driving the emergence of new regulatory ele-
ments are still poorly understood.

Owing to their ability to replicate throughout the
host genome, TEs have long been hypothesized to
play a role in the evolution of regulatory networks
(6, 7). Although most TEs no longer encode functional
proteins, many retain transcription factor binding sites
and can thus alter the expression of nearby genes.
Over the past decade, there have been numerous
studies characterizing important roles for TEs in host
gene regulation (reviewed in ref. 2). These findings
point to the cooption of TEs as a general mechanism
shaping the evolution of mammalian gene regulatory
networks.

As studies in different species and biological
systems uncover more examples of TE cooption, one
key question that remains is whether the evolutionary
trajectories of all regulatory networks are similarly
affected by TEs. Nearly all mammalian cell types and
tissues exhibit some degree of TE-derived regulatory
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Fig. 1. Ye et al. (4) observe higher occurrences of TEs near immune genes. They
hypothesize that the abundance of TEs in immune-associated regions of the
mouse genome has enabled their regulatory cooption as immune enhancers,
potentially facilitating the rapid regulatory evolution needed for adaptive

immunity.

activity, but the relative contribution of TEs to the
genome-wide regulatory landscape of each tissue
varies dramatically (3, 8). Increasing evidence sug-
gests that certain cell types are particularly prone to
TE-mediated gene regulation, including embryonic
stem cells (9, 10), placental cells (11), and immune
cells (12, 13). While our current knowledge of TE-
derived regulatory elements is based only on a rather
limited number of studies, it is intriguing to con-
sider why these regulatory networks are prone to
coopting TEs.

The high levels of TE-derived regulatory activity in
reproductive and germline tissues can be explained
by the fact that TEs are under strong evolutionary
pressure to be transcriptionally active in those tissues
(10, 14). From the selfish perspective of the TE, new
insertions must occur in early embryonic or germline
cells to be inherited. The abundance of TEs showing
transcriptional activity in these cells may lead to an
increased probability for some to be directly coopted
for cellular gene regulation. Indeed, a large body of
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evidence indicates that many essential processes in embryonic
and placenta development are regulated by TE-derived proteins,
promoters, noncoding RNAs, regulatory elements, and topologi-
cally associated domain boundary elements (reviewed in ref. 15).
These findings have been described in both humans and mice,
which have largely distinct TE profiles, implying that TEs may have
an evolutionarily widespread role in shaping regulatory networks
underlying early development.

Do any other cell types show a propensity for TE-mediated
gene regulation? A growing body of evidence suggests that TEs
are also frequently coopted to regulate genes involved in immune
processes. Studies have reported the use of TEs as promoters (16),
interferon-inducible enhancers (12), and insulator elements in im-
mune cells (13). Perhaps regulatory networks involved in immunity
evolve under unique pressures that favor TE cooption. Protein-
coding immune genes are among the most rapidly evolving
genes in the genome, reflecting the constant need to adapt
against new and evolving pathogens (17). Given that active or
recently active TEs are a major source of genetic polymorphism,
they may facilitate rapid adaptive evolution of immune responses
at the gene regulatory level. However, these ideas remain spec-
ulative, as few studies to date have systematically examined TEs in
the context of immune regulatory landscapes.

In PNAS, Ye et al. (4) assess the contribution of TEs to immune
regulatory networks by analyzing genome-wide chromatin profil-
ing data from mouse CD8* T cells. The authors survey TE content
within predicted enhancers using assay for transposase-accessible
chromatin coupled with high-throughput sequencing (ATAC-seq)
to generate genome-wide profiles of open chromatin, and chro-
matin immunoprecipitation sequencing (ChlIP-seq) for histone
modifications H3K27ac, H3K4me1, and H3K4me3 to identify po-
tential regulatory elements in both naive T cells and in vitro
differentiated cells.

Ye et al. (4) first examine how TEs contribute to putative T cell
enhancers. They partition each predicted enhancer region into
three distinct domains: an accessible core (defined by the ATAC
peak), proximal flanks, and distal flanks. They find that TEs con-
tribute to all three domain components of predicted T cell en-
hancers and that different TE families colocalize to different
domains. TEs come in a wide variety of different classes, families,
and subfamilies, including endogenous retroviruses (ERVs) and
long or short interspersed elements (LINEs and SINEs). The au-
thors find that the accessible cores of lymphocyte enhancers are
enriched for TEs belonging to the ERV and mammalian inter-
spersed repeat SINE families, as well as L2 LINEs. In contrast,
enhancer flanks are depleted of these families but enriched for
other SINEs, particularly the rodent-specific B1 elements. The
authors propose that different TEs may be predisposed to con-
tribute distinct regulatory functions. For example, ERVs enriched
at enhancer cores may provide transcription factor binding sites,
while B1 SINEs enriched in enhancer flanks are more likely to
facilitate chromatin organization. They note that primate ge-
nomes, which lack B1 SINEs, instead utilize the sequence-similar
Alu SINEs to influence nucleosome positioning (18). These obser-
vations reveal a complex and multifaceted contribution by TEs to
the functional sequences underlying T cell enhancers.

The authors next ask whether TE-derived enhancers regulate
functionally distinct types of genes. They computationally predict
enhancer gene targets based on coregulation of ATAC-seq and
RNA-seq (over T cell differentiation) as well as Hi-C chromatin
conformation data. Ye et al. (4) note that TE-derived enhancers are
often linked to the same gene targets as TE-poor enhancers.
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Likewise, the majority of enhancers seem to contribute to the
same overarching biological processes (e.g., lymphocyte migra-
tion and differentiation), regardless of whether they are TE-
derived or not. This suggests that coopted TEs may have been
recruited to act as secondary or backup enhancers, buffering
against the potentially deleterious phenotypic consequences of
enhancer loss.

The authors go on to compare enhancers between immune-
and nonimmune-related cells, in order to distinguish elements
that may be particularly important for immune functions. They use
published datasets from the Enhancer Atlas database to obtain all
available immune tissues and 14 other nonimmune tissues.
Importantly, they find that TEs are enriched within enhancers that
are specific to immune cells, in contrast to other cell types. In
other words, a higher proportion of immune enhancers are TE-
derived, consistent with the idea that immune tissues are more
prone to coopting TEs as regulatory elements.

In PNAS, Ye et al. assess the contribution of TEs
to immune regulatory networks by analyzing
genome-wide chromatin profiling data from
mouse CD8* T cells.

Ye et al. (4) add to a growing number of analyses that impli-
cate an elevated role for TEs in immune regulatory networks (8,
19). The authors propose several explanations for these obser-
vations. First, there may be pathogen-driven selection for TEs to
be coopted and drive adaptive evolution of immunity. New TE
insertions may confer novel gene expression patterns, or robust-
ness to existing immune-related expression patterns, and be-
come fixed in the species genome as a beneficial mutation.
Alternatively, immune genes may simply be less essential, and
TEs accumulate around them because there is reduced negative
selection against TEs and other mutations, or strong selection
for specific alleles of immune genes may have resulted in adja-
cent TEs also being preserved as genomic “hitchhikers” during
a selective sweep. While the mechanisms driving TE accumula-
tions near immune genes remain unclear, it is likely that their
elevated abundance has facilitated regulatory cooption for
immunity.

An outstanding question is how many of the TE-derived
regulatory elements identified in this study (4) are truly biologi-
cally significant. Genome-wide analyses relying on chromatin pro-
filing assays such as ATAC-seq or ChIP-seq implicitly assume that
elements marked by a particular biochemical property (e.g., chro-
matin accessibility) have a gene regulatory function, which is often
not the case. Recent studies using CRISPR-mediated silencing or
deletion have confirmed important regulatory functions for a num-
ber of TE-derived enhancers (9, 12), but they have also revealed
that many TEs bearing enhancer signatures do not affect the ex-
pression of any genes (20). Thus, while TEs may be a major source
of predicted regulatory elements in immune cells, it remains pos-
sible that the majority of these elements have minimal or no ben-
eficial function for immune cell biology.

Finally, the association between TE-derived enhancers and
immune genes may have significant implications for understand-
ing how genes are dysregulated in immune-related diseases.
Most TEs in any given cell type are epigenetically silenced, and
pathological TE dysregulation has been implicated in numerous
diseases including autoimmunity (21) and cancer (22). This study
(4) suggests that epigenetic dysregulation of TE-derived enhancers

Ivancevic and Chuong

www.manaraa.com


https://www.pnas.org/cgi/doi/10.1073/pnas.2004493117

Downloaded at Palestinian Territory, occupied on December 5, 2021

may result in the inappropriate activation of immune genes. The It is now clear that TE cooption is an important and recurrent
cooption of TEs for host immune evolution is therefore akin to a ~ mechanism influencing the evolution of mammalian gene regu-

“double-edged sword”: TEs provide regulatory elements for im-  latory networks. Studies like Ye et al. (4) are beginning to reveal
mune genes but are potentially more prone to reactivation  the “rules of cooption” by which TEs contribute as regulatory
during pathogenesis. elements in both health and disease.
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